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Abstract. The cooling process of home-brewed wort by a helical coil heat exchanger was mathematically modeled and
simulated to identify the influence of the coil configuration on the water consumption and cooling time. The model
assumed that tap water flowed inside the helical coil, which was immersed in a cylindrical vessel containing wort. The
cooling process was simulated considering wort stirred or still, and coils with different diameter, tube length and tube
diameter. The results indicated that shorter cooling time does not always led to smaller water consumption, as not only
the heat transfer characteristics were affected by the heat exchanger configuration, but also the water flow rate, due to
changes in the head loss. For similar helical coil configuration, wort agitation reduced the cooling time and water
consumption in between 25 % and 63 %. The minimum cooling time and water consumption were obtained with coils
that has 20 cm diameter and tube 12 m long. The coil which the tube had nominal diameter of 5/8” produced the
smallest cooling time, whereas the smallest water consumption, with the wort stirred was obtained with coil which
nominal diameters was 1/2”. Considering intermittent wort agitation during 1 minute for every 5 minutes without
agitation, 25 L of wort can be chilled from 100 ºC to 26 ºC in about 30 minutes, using tap water at 25ºC and a 20 cm
diameter helical coil with tube 12 m long and nominal diameter of 1/2”.
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1. INTRODUCTION

Home-brewing has been practiced for more than 2000 years, and greatly increased in England and USA, from the
1970´s due to the beer consumers campaigns and changes in legislation, which legalized this activity (Bates, 1993). In
Brazil, several regional associations, called ACERVAS, join home brewers to exchange information. The popularity of
this subject can be seem by the intense exchange of information in internet based forums like
http://www.homebrewtalk.com.br/forum.php. In this regard, scientific research can also help improving the brewing
technology and provide information for such a public. Scientific journals like the Journal of the Institute of Brewing, the
Journal of the ASBC, and the Journal of Brewing and Distilling publish research related to beer production, but mainly
focusing in the beer chemistry and microbiology. Relative less research have focused on the beer process, which are
usually scattered in food engineering, chemical engineering and applied heat transfer journals, as the pasteurization
studies of Augusto et al. (2010) and Bhuvaneswari and Anandharamakrishnan (2014) or the heat integration studies of
Tokos et al. (2010) and Sturm et al. (2013). Hence, as a contribution to the brewing process technology, this work
presents a numerical study about the influence of helical coil heat exchanger configuration on the water consumption
and cooling time of the home-brewed wort.

2. MATERIAL AND METHOD

The cooling process of wort around an helical coil heat exchanger was modeled and simulated in the software
Matlab®. The simulation procedures and mathematical model are presented in the following subsections.

2.1 Simulation procedures
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Initially, 18 different helical coils were simulated and analyzed with the wort still and 12 different helical coils were
simulated and analyzed with the wort stirred. In all these situations, the initial and final wort temperatures were,
respectively, 100 ºC and 30 ºC. The characteristics of the helical heat coil that varied were the coil diameter (DHC), the
tube outer diameter (dOut), and tube length (L). The dimensions for these variables are shown in Tab. 1. The values of
tube outer diameter correspond to those of commercial cooper tubes with nominal diameters of 3/8”, 1/2” and 5/8”.
Regardless the tube outer diameter, the wall thickness was constant and equal to 0.79 mm.

Table 1. Helical coil dimensions.

Coil diameter
(cm)

Length
(m)

Tube outer
diameter (mm)

20 4 9.52 (3/8”)
30 8 12.7 (1/2”)
- 12 15.87 (5/8”)

When the wort was still, external heat transfer occurred by natural convection, whereas when the wort was stirred,
we assumed the presence of a 6 blades turbine with diameter (dT) equal to 40 % of the vessel diameter and rotating (n)
at 45 rpm. This rotation condition is similar to that encountered when the wort is manually rotated by a mash paddle.
The cooling process of the stirred wort with helical coil that had nominal tube diameter of 3/8” was not simulated due to
restrictions of the Nusselt correlation chosen for the heat transfer coefficient on the coil external surface.

The simulations of the different cooling processes aimed to identify which dimensions for the helical coil resulted in
the smallest cooling period and the smallest water consumption.

Once these dimensions were identified, we conducted other two types of simulations: in the first one, we compared
the cooling time and water consumption using helical coils with similar prices but different tube length and diameter,
whereas in the second one, we compared the cooling time and water consumption when the wort was either still, or
continuously stirred or intermittently stirred.

2.2Mathematical model for heat transfer and flow rate

The heat transfer mathematical model was build upon heat transfer correlations available in the literature, whereas
the flow model was based on the extended Bernoulli equation with the friction factors for the head loss obtained from
the literature. Both models were combined in a single code and solved with the following assumptions:

 a helical coil heat exchanger was placed inside a cylindrical vessel containing the wort;
 the wort volume at 20 ºC was 25 L;
 the inner diameter of the vessel was 0,36 m and the height of the wort inside the vessel depended on the

volume occupied of the helical coil, which was a function on the helical tube external diameter and length;
 the height of the helical tube and the height of the wort at 20 ºC were the same;
 the wort physical properties like specific mass (), specific heat (Cp), thermal conductivity (), viscosity ()

and Prandlt (Pr) were assumed equal to those of a sucrose solution 12 ºBx, and they were obtained from the
literature (Darros-Barbosa et al. 2003; Werner et al. 2007; Chenlo et al. 2004)

 tap water flowed inside the helical pipe and came from a water tank above the helical coil;
 the inlet temperature of the tap water into the helical coil was 25 ºC;
 tap water flow rate was a function of an elevation head of 3.5 m and head loss that varied depending on the

helical coil configuration;
 the head loss up to the helical coil heat exchanger entrance was calculated considering that the sum of the

minor loss coefficients was 2.7 and that the frictional loss occurred due a flow within within a 7 m long
smooth plastic tube with internal diameter of 25 mm;

The friction factor (f) for the plastic tube was calculated with Eq. (1) (Von Bernuth and Wilson, 1989), whereas for
the helical coil, it was calculated with Eq. (2) when the Reynolds number (Re) was smaller than the critical Reynolds
number (ReC) and with Eq. (3) (Ito, 1959) when Re was higher than ReC.
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Where dIn is the internal diameter of the coil tube, DHC is the coil diameter, and ReC was calculated with Eq. (4)
(Ito, 1959).
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When the wort was still, natural convection occurred at the external coil surface, and the heat transfer coefficient (ho)
was calculated from the Nusselt correlation presented by Prabhanjan et al. 2004 and shown in Eq. (5).

1768,00487.2 RaNuo  (5)

Where Ra is the Rayleigh number. The characteristic length for Nuo and Ra was calculated with the normalized
diameter. The normalized diameter was obtained by assuming the coil as a cylinder, and then, dividing the outer surface
area of this cylinder by the tube length.

For the simulations considering stirred wort, the external heat transfer coefficient (ho) was calculated with the
Nusselt correlation proposed by Havas et al. (1987) and shown in Eq. (6).
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Where ReO is the modified Reynolds number, as shown in Eq. (7), the subscript w is related to the properties at wall
temperature.
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The internal heat transfer coefficient (hi) was calculated with Eq. (8) (Mori and Narayama, 1967) if Re was larger
than ReC and with Eq. (9) (Xin and Ebadian, 1997) if Re was smaller than ReC.
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The wort temperature was calculated with Eq. (10), which was obtained in this work, with the assumption that the
wort temperature varied uniformly and exchange heat only with the fluid that flowed inside the helical coil.
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Where, TW,t is the wort temperature at an instant t, TW,t+ t is the wort temperature at an instant t+t, t is the time
interval between two wort temperatures, R is the helical coil thermal resistance which depends on the internal (hi) and

external (ho) heat transfer coefficients, as shown in Eq. (11),
.
m is the water mass flow inside the helical coil, Cp is the

water specific heat, mW is the mass of wort inside the vessel and CpW is the wort specific heat.
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Where Ao and Ai are, respectively, the external and internal helical coil area and  Cooper is the cooper thermal
conductivity.

Every time that the wort temperature was calculated, all temperature dependent parameters of Eq. (10) were
recalculated, and they were used to obtain the next wort temperature.

3. RESULTS

The cooling times for the difference cooling processes are shown in Fig. 1, whereas the water consumptions are
shown in Fig. 2.

Figure 1. Cooling time for different cooling process and coil configuration.
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Figure 2. Water consumption for different cooling process and coil configuration.

Obviously, stirring the wort reduced cooling time and water consumption. For similar helical coil configuration,
agitation reduced the cooling time and water consumption in between 25 % and 63 %.

The helical heat exchanger that caused the highest cooling time had 30 cm diameter, tube 1/2” and was 4 m long.
The smallest cooling time when the wort was stirred and still, was, respectively, 9 minutes and 13 minutes. They both
occurred with the coil that had 20 cm diameter, was 12 m long, and tube 5/8”. The water consumptions at these
conditions were, respectively, 138 L and 187 L. Moreover, the smallest cooling time with the wort still was 14 % of the
highest value, whereas with the stirred wort, the smallest cooling time was 37 % of the highest time.

Regarding the water consumption without agitation, the smallest value was 102 L and occurred with the coil that
had 20 cm diameter, was 12 m long with tube 3/8”, in a cooling process that lasted 31 minutes. We do not have results
for the stirred wort and tube 3/8” due to restrictions applied to the utilization of the chosen Nusselt correlation. Hence,
with stirred wort, the smallest water consumption was 106 L and also occurred with the coil 12 m long that had 20 cm
diameter, but the tube had nominal diameter of 1/2”. This cooling process lasted 13 minutes.

The highest water consumption occurred, regardless the wort condition, occurred with helical tube that had 30 cm
diameter, tube 5/8”and was 4 m long.

The highest water consumption was 13 times the smallest water consumption when the wort was still, whereas with
the stirred wort, the highest value was 5 times the smallest value.

From the above results, we decided to run a new set of simulations where we compared the cooling time and water
consumption of helical coils with different tube diameter and length but with price similar to the price of the helical coil
with 20 cm diameter, 12 m long and tube 5/8”. The price of the tube 5/8” was assumed as 31 % higher than that of the
tube 1/2”, whereas the price of the tube 3/8” was assumed as 26 % lower than the price of the tube 1/2”. These price
assumptions were based on the mass per unit length of each tube diameter. Hence, a tube 21.3 m long with 3/8”
diameter and a tube 15.7 m long with 1/2” diameter would have price similar to that of a tube 12 m long with nominal
diameter of 5/8”.

When the cooling process occurred without wort agitation, it took 15 minutes to chill the wort with the tube 15.7 m
long and 31 minutes with the tube 21.3 m long. The water consumption with these tubes were, respectively, 106 L and
76 L. When the cooling process occurred with stirred wort, it took 13 minutes to chill the wort with the tube 15.7 m
long and the water consumption was 89 L. We do not have results for the cooling process with stirred wort and tube
3/8”, due to restrictions applied to the utilization of the Nusselt correlation. Hence, for all conditions simulated, the
helical coil whose tube was 12 m long and had diameter of 5/8” resulted in the shortest cooling time even when
compared to other helical coils with similar price. However, coils with similar price but smaller diameter resulted in less
water consumption. In the condition without wort agitation, the cooling process with the coil 15.7 m long and tube 1/2”
consumed 81 L less water and was only 2 minutes longer than the cooling process with the coil 12 m long and tube 5/8”.
In the condition with stirred wort, the cooling process with the coil 15.7 m long and tube 1/2” consumed 49 L less water
and was only 4 minutes longer than the cooling process with the coil 12 m long and tube 5/8”.
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Regarding the condition for the smallest water consumption, the configurations of helical coil that consumed less
water were also those with the smallest price. The results indicated that when coils with similar length but different
diameters were compared, the reduction of the tube diameter also resulted in a reduction of the water consumption, even
if the cooling period was longer.

The cooling process of small beer batches in home-brewing usually occurs with intermittent manual agitation under
short periods. The wort should be cooled to the smallest possible temperature, which is slightly above the tap water
temperature used in the cooling process. Hence, to conclude this work, we simulated the cooling process of the wort
down to a temperature 1 ºC higher than the assumed tap water temperature considering that the wort could be either still,
or continuously stirred or intermittently stirred, with agitation occurring for 1 minute after every 5 minutes that it
remained still. The helical coils configuration chosen had 20 cm diameter with tube 12 m long, and tube diameter of
1/2” or 5/8”. The water consumption in these cooling process are shown in Fig. 3.

Figure 3. Water consumption for helical coil with diameter of 20 cm, 12 m long.

Considering that even without agitation, the cooling process with the helical coil that had tube with 1/2” was less
than 35 minutes, it is advised to use coil with this diameter, to consume the smallest possible water quantity.

4. CONCLUSIONS

Continuous wort agitation reduced the cooling time and water consumption in between 25 % and 63 %, for similar
helical coil configuration. The cooling process with the helical coil that had 20 cm diameter with tube 12 m long and
nominal diameter of 5/8” resulted in the shortest cooling time to reduce the wort temperature. However, the smaller
water consumption was obtained with similar coils that had smaller tube diameter.

Considering that even without wort agitation, the cooling process with the helical coil that had tube with 1/2” was
close to 30 minutes, it is advised to use coil with this diameter to ensure a cooling process within a reasonable period,
and with little water consumption.
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