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Abstract: While filtration, chlorination, and UV drinking water treatments are commonplace, globally
an estimated 1.2 billion people continue to boil their drinking water over inefficient biomass fires
instead because it allows them to use available resources paired with a time-tested and trusted method.
Although boiling water is culturally well-established, there is vast potential to improve human health,
environmental impact, and efficiency by leveraging the fact that a significant reduction in pathogenic
microorganisms occurs at temperatures well below boiling through a process known as pasteurization.
This paper presents the evaluation of a community-scale, biomass-powered, flow-through water
pasteurization system that was designed to heat water to the temperature required for pasteurization to
occur before recuperating heat while cooling treated water down to a safe-to-handle temperature. The
system is then compared to other common thermal treatment methods including batch-boiling over
open fires and improved cookstoves. Results from computational modeling and empirical analysis
show that the water pasteurizer significantly increases the overall water treatment capacity (from
7.9 to 411 L/h, adjusted for one hour of treatment via household boiling and operation of the water
pasteurizer at steady-state, respectively) and uses far less biomass fuel (from 22 to 5.5 g/L, adjusted for
treatment of 1 L of water via household boiling and operation of the water pasteurizer at steady-state,
respectively). Notable comparisons to the batch-boiling of water over institutional-sized traditional
and improved cookstoves are also demonstrated. Further, the results of fecal indicator reduction
through the system (8 log and 6 log reduction of E. coli and bacteriophage MS2, respectively) suggest
compliance with US-EPA (6 log and 4 log reduction of E. coli and bacteriophage MS2, respectively)
and WHO requirements (effluent concentrations below the detection limit, specified as <1 E. coli
CFU/100 mL and <10 bacteriophage MS2 PFU/mL) for the reduction in and effluent concentration of
E. coli and bacteriophage for water treatment processes. It is recommended that engineers continue
to explore the use of heat transfer and microorganism reduction theory to design technologies
that increase the capacity and efficiency for thermal water purification that uses locally-available
biomass resources.

Keywords: biomass; cookstove; bacteriophage; E. coli; US-EPA drinking water standards; D-value;
water purification
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1. Introduction

There are a variety of water treatment methods used at household and community scales globally,
including filtration, chlorination, and thermal treatment, or any combination thereof [1]. For the 2.2
billion people worldwide who do not have access to an improved water source or reliable piped
water scheme, household (point-of-use), point-of-collection scale treatment methods are needed [2].
However, despite decades of efforts to implement various forms of water treatment technologies in
rural developing communities, the dominant accessible and trustworthy treatment method for 1.2
billion people is still boiling water in pots over open biomass cooking fires or other cooking stoves,
a process that is both energy intensive and time consuming [3,4]. The objective of this research is to
computationally and empirically evaluate the capacity, fuel usage, and fecal indicator reduction of a
system designed to increase the efficiency of the traditional water treatment process while continuing
to utilize locally-available and renewable biomass energy resources.

1.1. Thermal Drinking Water Treatment

Thermal treatment by boiling water is widely recognized as an effective water treatment method,
killing all major pathogens of concern, and is successful regardless of turbidity or pH levels [1]. Because
of this, the boiling of drinking water is a point-of-use drinking water treatment method used globally
by 1.2 billion people [3,4]. Although boiling is identified by the WHO as the simplest and most effective
way to purify drinking water at home, it can be an extremely inefficient and wasteful process in terms
of time and resources [1,5,6]. In many parts of the world, water is traditionally boiled over a three-stone
fire which requires large quantities of biomass fuels (mainly dried and semi-dried firewood) and
introduces a variety of health and environmental hazards due to unclean combustion [7]. One study
found that boiling 5 L of water on an open fire takes 40 min and requires over 1 kg of wood fuel [8]. The
increasing cost and difficulty in procuring biomass fuels in areas with deforestation is also a common
reason that households may not be able to treat their water for drinking [9]. Allowing water to boil is
recommended because users can visually see the water bubbling or steaming. A study of households
in urban Zambia found that individual definitions of “boiling” varied from “steam rises from the
surface” (39%), “tiny bubbles rise from base to surface” (8%), and “until surface boil starts” (53%) [10].

While water reaching nucleate boiling provides a clear indication that purification has occurred
to the user, the deactivation of the microorganisms that cause illness actually occurs at much lower
temperatures. Using lower levels of heat to inactivate microorganisms and preserve food and drink
has been well known since the second century in China [11]. Centuries later, this process was
formally named pasteurization after Louis Pasteur, who performed a series of thermal experiments
in nineteenth century France [12]. When microorganisms, such as viruses and bacteria, are exposed
to high temperatures for specific amounts of time, they begin to lose their ability to replicate and
eventually destruct. Based on their chemical and material properties, the reduction in microbial
concentrations via heat treatment can be predicted as a function of time and temperature through
a quantity known as the D value [13]. The D value is the time it takes for a decimal reduction or 1
log (i.e., 90%) reduction in viable counts of a microorganism [14]. For example, E. coli has a D value
of 2.4 s at 70 ◦C and therefore experiences a greater than 6 log reduction when held at 70 ◦C for
about 15 s [15]. Of more than 140 different viruses known to infect humans, the vast majority are
inactivated at temperatures around or below 60 ◦C [16]. At temperatures above 70 ◦C, some of the
more thermotolerant viruses, such as poliovirus and hepatitis A, have a greater than 5 log reduction
achieved in less than one minute [17]. Similarly, for parasites, Cryptosporidium has a greater than
3 log reduction at 71.7 ◦C for 5 to 15 s [18], Giardia cysts inactivate at temperatures ranging from
50 ◦C to 70 ◦C [17,19], and Legionella inactivates above 60 ◦C with an unspecified D value of much
less than one minute at 70 ◦C [20,21]. Thus, WHO and US-EPA guidelines for drinking water quality
can potentially be met by holding water at temperature of at least 70 ◦C for 15 s. Although users are
typically encouraged to bring water to a full boil, based on the D values of pathogens described above,
the pasteurization and inactivation of pathogens can actually occur at 70 ◦C. This requires significantly
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less heat input than achieving nucleate boiling at nearly 100 ◦C, which is done simply to provide a
visual indicator that thermal treatment has occurred.

Therefore, thermal pasteurization can serve as a potentially culturally appropriate solution to
purify water. Recently the use of solar-thermal pasteurization is on the rise, using methods such as
the systems discussed in the review by Thirugnanasambandam et al. (2010) [22]. In these systems,
water in clear containers exposed to the sun may experience both solar-thermal pasteurization and
UV treatment simultaneously [1,22], however, a common disadvantage of these methods is unreliable
access to sunlight and uncertainty regarding the amount of time water spends at elevated temperatures.
Unlike thermal pasteurization, UV treatment alone does not eliminate cysts or worms [1].

Despite the well-documented reliance of these target communities on biomass as an energy
source, few products have been designed to improve the efficiency of the ubiquitous biomass-powered
boiling process. One example is the Chulli Water Purifier, developed in Bangladesh, which is a
biomass-powered clay oven modified with an enclosed coiled aluminum pipe [23]. When the oven is
warm, water is gravity-fed through the aluminum pipe where it is pasteurized before exiting through
a tap at an average effluent temperature of 70–76 ◦C. Although the system is inexpensive (roughly 6
USD), a study of users in Bangladesh found that 80 of 101 households stopped using the Chulli Water
Purifier, mainly due to mechanical problems and inconvenience [24]. The system also lacks automation
that prevents water from flowing through if the oven is at lower temperatures, potentially allowing
pathogens through before they have been inactivated. Another product developed to improve the
efficiency of thermal water treatment is the Water Pasteurization Indicator (WAPI). This device is made
of a clear plastic tube containing wax that melts at 70 ◦C, indicating when pasteurization temperature
has been achieved. The WAPI is submerged in water by a thin wire hanging from the side of a pot.
Once the wax melts and falls from the top of the plastic tube to the bottom, the user knows that
pasteurization has occurred [6]. Although this device is a simple and inexpensive tool to indicate
lower-temperature pasteurization, the process of heating small quantities of water over a biomass
fire or cookstove is still costly to human health and the environment. While these solutions provide
improvements to thermal water treatment, neither use heat from an efficient source, have temperature
and/or time regulation to ensure pasteurized water, or have the high-throughput capacity to function
as a community-based or point-of-collection solution.

1.2. Other Water Treatment Processes

Although thermal water treatment is the most globally adopted water purification method,
engineered products often focus on other treatment processes, such as filtration, chlorination, and
UV [1]. Each of the available options have advantages and disadvantages, which are discussed here
and summarized in Table 1. Filtration is a popular option for projects seeking to provide household and
community-scale treatment, with methods such as ceramic pot or activated charcoal filters becoming
widespread in households. These typically require consumable parts that rely on a continuous supply
chain in the community. Locally-made slow and rapid sand filters, such as the Biosand filter, may be
relatively inexpensive and simple to construct, however, their ability to remove bacteria and viruses
varies dramatically. While laboratory studies have shown a reduction in E. coli between 94% and
99% [25], Biosand filter performance in the field has varied widely, from 48% to 98.5%, in various
studies [26–28]. The variance in Biosand filter performance is largely due to lack of maintenance,
incorrectly installed sand, and lack of user education [29]. Other forms of filtration units, such as
ceramic, pressure filters, and synthetic mesh also range in cost, performance, and appropriateness in
the local community [30,31].

Chlorine is commonly used worldwide at the household and state level because it is inexpensive,
available in both liquid and tablet form, and can disinfect large quantities of water [30]. Although
chlorine is available globally, it does not always have a reliable supply chain in rural regions and may
be costly or simply unavailable for low-income households and institutions [32]. Using chlorine also
requires precise dosage and timing to be effective and palatable. Insufficient doses of chlorine may
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not kill all the bacteria, while excess doses may leave poor-tasting or foul-smelling water. In addition,
chlorine requires roughly 30 min to fully kill microorganisms in water—an essential step that may be
ignored by the user.

Table 1. Comparison of water treatment methods for low-resource contexts [33].

Method. Advantages Disadvantages Cost

Filtration

Various types and sizes (sand,
charcoal, ceramic, etc.);

effective in many geographic
or weather conditions

Prone to failure due to lack
of maintenance; some types
lack indicator; some require

chlorination; risk of
recontamination

>$0.001/L

Chlorination

Easy to use; lowers risk of
recontamination; effective in
any geographic or weather

condition

Requires precise does;
requires ongoing supply of
chlorine; distasteful; can be
effected by turbidity; lacks

indicator

>$0.001/L

Solar UV Treatment Reusable; typically portable;
minimal maintenance required

Requires indicator; requires
sufficient sunlight; relatively
slow; water must be cooled
to usable temperatures; risk

of recontamination

>$0.001/L

Boiling
Accessible; visual indicator;

effective in many geographic
or weather conditions

High energy use; high
emissions; water must be

cooled to usable
temperatures; timely; risk of

recontamination

>$0.10/L

Solar Pasteurization Reusable; sustainable

Requires indicator; requires
sufficient sunlight; relatively

slow; low capacity; risk of
recontamination

<$0.001/L

Biomass Pasteurization

Efficient use of local resources;
large capacity; effective in

many geographic or weather
conditions; high flowrate

Requires indicator; risk of
recontamination <$0.01/L

1.3. Water Pasteurizer Design

Since there is vast room for improvement in the engineering of biomass-powered thermal water
treatment systems, a system (so-called “water pasteurizer”) was designed by a U.S.-based cookstove
manufacturing company to improve fuel efficiency while providing community-scale capacity. The
water pasteurizer presented in this study, shown in Figure 1, is a continuous-flow, self-regulating
system designed to meet WHO and EPA standards by heating water to an established state defined by
the combination of time and temperature (70 ◦C for 15 s) needed to reduce E. coli concentrations by at
least 6 log.

During operation of the water pasteurizer (Figure 2), cold, untreated water first enters the
pasteurizer from a pressurized source, such as an elevated tank, and passes through a compact heat
exchanger (Duda Diesel Model number B3-36A), where it collects waste heat from the hot water stream
exiting the system. The water then flows through a copper coil and collects additional heat from a
reservoir of hot water in a large stockpot, which is heated externally by the biomass cookstove or other
concentrated heat source. Next, water flows through an automatic, mechanical thermostatic valve
(Thermomegatech 3/4” HAT-RA 170 Part Number 145-502100-170), which remains closed if the water
temperature is below 160 ◦F (71 ◦C), ensuring that only water that has reached the pasteurization
temperature for a 6 log reduction of E. coli passes through the valve. Once water is at 71 ◦C, triggering
the valve to open, the water then enters a copper pipe with an increased diameter, labeled as the “kill
chamber,” which serves to hold the water at the pasteurization temperature for an additional amount
of time, depending on the flow rate. Water then flows through the hot side of the heat exchanger
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where heat is recuperated to the incoming (cold) stream, before exiting the system at a safe handling
temperature ready for storage or consumption.
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including (A) water inlet, (B) counter flow heat exchanger, (C) heat-up coil, (D) thermostatic valve,
(E) kill chamber, and (F) water outlet. Black arrows represent water flow, white arrows represent
combustion gas flow, and Tn represents temperatures at various locations.

This system has advantages and disadvantages relative to other methods, and is appropriate in
some applications and not others. It is a community-scale system that purifies water at the point of
collection rather than the point of use and most effectively serves approximately 200–1000 people per day.
This requires a single practitioner or community institution to oversee the operation and maintenance of
the system and distribution to local residents, potentially providing an income-generation opportunity
for those individuals. It can also provide a cost-saving opportunity for the many institutions such as
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schools, hospitals, and displaced persons camps who are already purifying water by boiling. A single
local source of clean water saves the time, labor, and energy resources of individuals in the community.
Purification at the point of collection also necessitates a clean downstream distribution network to the
point of use to prevent recontamination, so container cleaning and contamination prevention protocol
should also be followed in this case. The use of thermal treatment over other methods such as filtration
or chlorination may be more cumbersome and energy-intensive, but in some communities the reliable
supply chain and adoption rates of these alternatives may not be sufficient. Thus, the pasteurizer
system is relevant to explore as a potential solution.

2. Materials and Methods

The objective of this study was to analytically model and empirically test the pasteurizer system
to determine the thermal and microbial reduction performance of the components and the system,
compare with other thermal treatment methods, and provide recommendations for design optimization.
To account for differences in anticipated operational parameters, various flow rates were compared.

2.1. Computational Model

A one-dimensional steady-state heat transfer model, described in Appendix A, was created to
determine the effects of water inlet pressure, flow rate, temperature, and stockpot temperature on the
time spent at 71 ◦C or above, required heat input, and outlet temperature. The Engineering Equation
Solver code to run this model is available in the Supplementary Materials.

2.2. Empirical Data Collection

Empirical data collection included measurements of temperature at various points in the
system, and pressure drop, flow rate, heat exchanger effectiveness, fuel usage, and inactivation
of fecal indicators.

2.2.1. Temperature, Pressure Drop, and Flow Rate

Temperature, pressure drop, and flow rate were monitored during system operation using a data
acquisition system (Figure 3). To measure these and other temperatures needed for calculation and
validation, five Omega K-type thermocouples were installed at the five state points labeled in Figure 1.
An Omega PX26-005DV differential pressure transducer was coupled to the system via water-filled
tubes connected to the inlet and outlet of the system used to measure the pressure loss between state
points 1 and 5. The measurement tubes were connected to linear sections of system pipes to minimize
the effects of impinging fluid momentum on the pressure measurements. Data from the thermocouples
and the pressure transducer were measured using a DAQ NI-9212 Simultaneous Temperature Input
Module and a NI-9207 Voltage and Current Input Module, respectively. Lastly, volumetric flow rates
were measured using a catch-and-weigh method which involved measuring the time taken to collect
approximately 18 L of water and dividing the water mass by the collection time.

The system was operated over a range of conditions to characterize system parameters according
to Table 2. Identically-cut pieces of kiln-dried Douglas fir provided a consistent fuel source, and a
water supply tank was set to the desired height above the outlet of the system. Once the fire was lit
and the system reached operational temperatures, the thermostatic valve opened automatically and
water began flowing. A period of 15 min was allowed to pass for the system to reach equilibrium. Data
were then collected at six different supply tank head levels (1.32, 2.06, 3.53, 4.19, 4.90, and 5.00 m) on
the same day during one continuous operation cycle. Experiments were performed in random order
and a pause in data collection of at least 5 min was allowed for the system to reach equilibrium after
each change in head level. Experimental uncertainty was calculated based on manufacturer-specified
accuracy and precision for the sensors and the DAQ system. Where multiple instruments were used
for a single measurement, the Kline–McClintock method is used to combine the uncertainties into a
single value.
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Table 2. Parameters, equations, measurements, and sensors used in the experiment.

Parameters Equations Values Measured Sensors Used

Heat exchanger
effectiveness (ε) ε = ∆TH or C

THi−TCi

HX cold inlet temp
HX cold outlet temp
HX hot inlet temp
HX hot outlet temp

Type-K thermocouples

Flow rate (
.

m)
.

m = mw
t Mass of water, time Hanging scale, stopwatch

Pressure drop Directly measured Differential pressure Differential pressure transducer

Supplied head head = hin − hout
Supply water level height,
Outlet hose exit height Measuring tape

Heat exchanger effectiveness was calculated according to Equation (1) as a required input to the
model [33]. Because the mass and volumetric flow rate is equal on both sides of the heat exchanger,
and the temperatures are close enough that the specific heat can also be assumed to be equal on both
sides (varying only from 4.1844 at ambient to 4.1902 kJ/kgK at pasteurization temperatures), the heat
exchanger effectiveness is a function only of the inlet and outlet temperatures. However, since the heat
exchanger is submerged in a pot of near-boiling water and is therefore nonadiabatic in this system, the
effectiveness for each side was calculated separately and compared.

ε =
qH or C

qmax
=

.
mcp(∆TH or C)
.

mcp
(
THi − TCi

) =
∆TH or C
THi − TCi

(1)

2.2.2. Fuel Usage

The fuel requirements for the system were evaluated as a design parameter and for comparison to
those of various traditional boiling practices from the literature. While operating the pasteurizer in a
60 L, biomass-powered institutional cookstove (Figure 1), the fuel required to treat 30 gallons (113.5 L)
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of water from a supply tank situated 3.8 m above the system’s outlet was measured [34]. To determine
energy usage, identically-cut pieces of kiln-dried Douglas fir (a biomass fuel used in prior cookstove
benchmarking studies [8]) with dimensions of 30 × 5 × 1.25 cm, predicting a higher heating value
(HHV) of 20,634 kJ/kg and a lower heating value (LHV) of 19,314 kJ/kg, were used [35]. To determine
the moisture content of the fuel, a 473 g sample of wood was placed into the oven at 220 ◦F for 7 h
until it reached a dry weight of 404 g. The reduction in weight determined a measured as-received
moisture content (MC) of 14.6%, which was used to calculate the equivalent dry fuel usage. Before
each of the three trials, the weight of the supply of wood fuel was measured on a calibrated scale.
The stove was then ignited and the initial time was recorded. Once water began to flow through the
system, indicating that the thermostatic valve had reached at least 71 ◦C, the time was recorded and the
unburned wood was weighed. When 30 gallons (113.5 L) of water was pasteurized, the final time was
noted and wood mass and temperature measurements were taken again. All wood was removed from
the stove and the pasteurizer was allowed to cool until outlet flow stopped, indicating that the water
temperature had decreased below 71 ◦C and the thermostatic valve had closed. Using the weight of
the burnt wood and volumetric flow rate of water through the system, the average fuel consumption
was calculated and reported in grams equivalent of dry wood per liter pasteurized. Available energy
in the form of equivalent dry wood was determined by subtracting the energy required to evaporate
the moisture contained in the fuel used for experimentation.

2.2.3. Inactivation of Fecal Indicators

To evaluate the reduction in fecal indicators through the pasteurization system, as recommended
by the WHO, the reduction in E. coli and bacteriophage MS2 was assessed in laboratory experiments.
For the detection and enumeration of E. coli, a 75 L tank of untreated groundwater was inoculated
with E. coli ATCC 25922 to reach a target concentration of 6 log colony-forming units (CFU) per mL.
Three separate trials, each pasteurizing 75 L of inoculated ground water, were performed. One sample
was collected from the inoculated source water, and a total of five 100 mL samples of the treated
water were collected from the outflow and final collection tank. E. coli concentrations in the untreated
water were determined by serial dilutions and spread-plating of 100 µL volumes on MacConkey agar
(Criterion™, Hardy Diagnostics, Santa Maria, CA, USA). The 100 mL treated water samples were
filtered through a 0.47 µm mixed cellulose membrane filter (Advantec MFS, Inc., Dublin, CA, USA)
and placed on MacConkey agar plates, following ISO 9308-1:2000. Negative controls for membrane
filtration were ran between every five samples. Plates were incubated at 36 ◦C for 18–24 h. Plates with
20–200 colonies were quantified and results were reported as CFU/100 mL. The lower detection limit
was 1 CFU/100 mL.

To detect and enumerate bacteriophage MS2 (ATCC 15597-B1), ISO 10705-3:2003 protocol was
followed using E. coli (ATCC 700891) as the host. A 75 L tank was inoculated with the bacteriophage
MS2. Three separate trials, each pasteurizing 75 L of inoculated ground water, were performed.
One sample was collected from the inoculated source water, and two 100 mL samples of the treated
water were collected from the treated outflow water. A double agar overlay method was used to
quantitatively enumerate the concentration of the samples. For this method, 5 mL of a 0.7% Tryptic Soy
Agar (TSA) mixture was inoculated with 50 µL of log phase ATCC 700891 E. coli and poured onto a
petri dish containing 1.5% TSA. A sample of 100 µL of the inoculated tank was spotted on the surface,
covered and allowed to sit 10 min to absorb. A negative control was ran with each trial. Plates were
then incubated at 36 ◦C for 16–24 h. Plates with 20–200 plaque-forming units (PFU) were used in
reporting concentrations in PFU/mL. The lower limit of detection was 10 PFU/mL.



Energies 2020, 13, 936 9 of 24

3. Results

3.1. Heat Exchanger Effectiveness

The effectiveness of the heat exchanger was quantified based on temperature measurements at
the entrance and exit of both the cold and hot side of the counter flow heat exchanger at six different
flow rates. As shown in Figure 4, the effectiveness is different on each side of the heat exchanger,
demonstrating its nonadiabatic characteristic. As described previously, partial submersion of the heat
exchanger in the stockpot of heated water means that additional heat added to the heat exchanger
(qadd) increases the effectiveness in the cold side while lowering the effectiveness on the hot side. At
flow rates above 6 L/min, the heat exchanger’s hot side effectiveness is about 78%, compared to 60%
for flow rates below 3.6 L/min. Thus, the system is most thermally efficient at flow rates above 6 L/min,
corresponding to an inlet pressure of 3.5 m of head or higher.
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A curvefit from the data in Figure 4 for the heat exchanger effectiveness as a function of flowrate
is shown in Figure 5. A transition point occurs when the flow rate reaches 5.5 L/min, most likely
due to a change in flow regime such as a transition from laminar to turbulent flow. However, this
has not been characterized in the Duda Diesel heat exchanger because the transition point(s) is/are
dependent on the working fluid and, due to the honeycomb flow path within the plates, are subject to
harmonics as well as turbulence. The relationship between flow rate and ε was incorporated into the
computational model.



Energies 2020, 13, 936 10 of 24
Energies 2020, 13, x FOR PEER REVIEW 10 of 25 

 

 
Figure 5. Heat exchanger effectiveness as a function of flow rate. 

3.2. Model Validation 

Temperatures at five locations throughout the system, as shown in Figure 2, were evaluated at 
six different flow rates. As shown in Table 3, the difference between experimental and predicted 
temperatures were small, with an R2 value of 0.9992, validating the model. Figure 6 compares the 
predicted and experimental treatment water temperature profile as it passes through the system as a 
function of time for a specific experimental trial with an inlet temperature of 9.7 °C, stockpot 
temperature of 80.6 °C, and flow rate of 6.43 L/min. Experimental data are overlaid in red square 
datapoints.  

Table 3. Difference between experimental and predicted temperature values at six different flow 
rates. 

Flow Rate (L/min) 
Texperimental−Tpredicted at Each Location (°C) 
1 2 3 4 5 

2.20 0.00 −0.20 0.50 −0.30 −0.13 
3.61 0.50 0.63 1.64 0.64 0.63 
6.06 0.30 −0.34 0.17 −0.63 0.06 
6.43 0.30 −0.26 0.67 −0.23 0.27 
6.20 0.40 2.80 1.19 0.29 −1.70 
5.48 0.20 1.03 1.90 1.10 0.52 

Figure 5. Heat exchanger effectiveness as a function of flow rate.

3.2. Model Validation

Temperatures at five locations throughout the system, as shown in Figure 2, were evaluated at
six different flow rates. As shown in Table 3, the difference between experimental and predicted
temperatures were small, with an R2 value of 0.9992, validating the model. Figure 6 compares the
predicted and experimental treatment water temperature profile as it passes through the system as a
function of time for a specific experimental trial with an inlet temperature of 9.7 ◦C, stockpot temperature
of 80.6 ◦C, and flow rate of 6.43 L/min. Experimental data are overlaid in red square datapoints.

Table 3. Difference between experimental and predicted temperature values at six different flow rates.

Flow Rate (L/min)
Texperimental−Tpredicted at Each Location (◦C)

1 2 3 4 5

2.20 0.00 −0.20 0.50 −0.30 −0.13
3.61 0.50 0.63 1.64 0.64 0.63
6.06 0.30 −0.34 0.17 −0.63 0.06
6.43 0.30 −0.26 0.67 −0.23 0.27
6.20 0.40 2.80 1.19 0.29 −1.70
5.48 0.20 1.03 1.90 1.10 0.52
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Figure 6. Treated water temperature profile as a function of duration of time in the system for
Tin = 9.7 ◦C, Tpot = 80.6 ◦C, and

.
m = 6.43 L/min. State points are (1) cold-side heat exchanger inlet,

(2) heating coil entrance, (3) kill chamber entrance, (4) hot-side heat exchanger inlet, (5) system outlet.
Experimental temperature measurements are shown in red, with error bars indicating manufacturer
specified accuracy and precision for sensors and DAQ. Where multiple instruments are used for a single
measurement, the Kline–McClintock method is used to combine the uncertainties into a single value.

3.3. Computational System Performance

The model was used to simulate the effects that volumetric flow rate of treatment water, water
inlet temperature, atmospheric pressure, and pot water temperature have on required heat input to
maintain the water in the pot at a constant temperature, and the total time the water is at or above
71 ◦C. Thus, the model can be used to quantify the effect of in-field operating parameters on system
performance. Data are presented as a function of volumetric flow rate in the range of 2 to 10 L per
minute, as flow less than this would not be sufficient and flow rates any higher will not effectively
pasteurize the water, as discussed in the following sections.

Required heat input to the pot of water (with no losses) is shown as a function of flow rate, both
as the total heat input required from the fire (Figure 7) and per liter of water produced (Figure 8). As
expected, the required total and per liter heat input required increases, with corresponding increases in
volumetric flowrate and decreasing inlet temperature. Note that this is the amount of useful energy
required by the pasteurizer system, and does not include any inefficiencies associated with the device
heating the pot or evaporation losses from the water in the pot.
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Figure 7. Heat required as a function of volumetric flow rate for Tpot = 80 ◦C and three different water
inlet temperatures (Tin=5 ◦C, 15 ◦C, and 25 ◦C).
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Figure 8. Energy use per liter of treated water as a function of volumetric flow rate for Tpot = 80 ◦C and
three different water inlet temperatures (Tin = 5 ◦C, 15 ◦C, and 25 ◦C).

A discontinuity is noted around a volume flowrate of 5.5 L per minute in all of the calculated
results. This is associated with a change in the relationship between flow rate and heat exchanger
effectiveness, which is attributed to a flow regime change such as a transition from laminar to turbulent
in the heat exchanger, as discussed in Section 4.1 and shown in Figures 7 and 8.

Results from the model also show the effects of flow rate, inlet temperature, and pot temperature
on the time spent above 71 ◦C in the heating coil, in the kill chamber, and in total (heating coil plus kill
chamber) (Figure 9), thus indicating the efficacy of pasteurization. As the flowrate increases, the total
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time spent above 71 ◦C decreases. The horizontal dotted line in Figure 9 indicates the time required for
a 6 log reduction in E. coli bacteria and indicates that flow rates above 9 L/min will not meet US-EPA
requirements for 6 log reduction at a low-end pot temperature of 80 ◦C.Energies 2020, 13, x FOR PEER REVIEW 13 of 25 
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Figure 9. Time spent at or above 71 ◦C in the heat-up coil, kill chamber, and in total as a function of
volumetric flow rate at sea level, Tin = 5 ◦C, and Tpot = 80 ◦C. Dotted line at 15 s indicates the minimum
time required for pasteurization to occur.

3.4. Fuel Usage

From three separate experimental trials, an average of 42 min and 1.5 kg of dry wood was required
to raise approximately 50 L of water in the stock pot to the operating temperature of 80 ◦C from an
ambient temperature of 2 ◦C to begin the flow of pasteurized water. After this steady-state operation
was reached, the average flow rate was measured at 6.85 ± 0.72 L/min (average ± standard error) and
the steady-state production of treated water required an average 5.5 ± 0.23 g of dry wood equivalent per
liter of water pasteurized, or 113 ± 4.7 kJ of energy per liter, roughly the weight and energy contained
in a wooden pencil.

3.5. Inactivation of Fecal Indicators

The initial concentration of the E. coli and bacteriophage MS2 in the inoculated untreated water in
the tank was 6.1 ± 0.05 (average ± standard error) log CFU/mL and 6.5 ± 0.01 log PFU/mL; respectively.
During both the E. coli and bacteriophage MS2 testing, all effluent samples from each trial run showed
concentrations below the detection limit (i.e., <1 E. coli CFU/100 mL and <10 bacteriophage MS2
PFU/mL). These experimental results indicated an over 8-log reduction in E. coli and 6-log reduction in
bacteriophage MS2 at a supply tank level of 3.04 m (flow rate approximately 7 L/min), meeting and
surpassing both WHO and US-EPA guidelines for these indicators [36,37].

4. Discussion

4.1. Comparison to Traditional Purification Methods

To assess capacity and fuel usage, the performance of the water pasteurizer is compared to three
common biomass-powered water treatment processes, presented in Table 4. It should be noted that in
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all cases, kiln-dried Douglas fir was used as the testing fuel, which may not always be representative
of real-world scenarios but is an acceptable measure within the cookstove literature [8]. The data used
for benchmarking the water pasteurizer include:

(1) batch-boiling a 50 L pot of water over the same heating element (data from [38]);
(2) batch-boiling a 5 L pot of water over a household-sized open fire (data from [8]);
(3) batch-boiling a 40 L pot of water over an institutional-sized open fire (data from [39]).

Table 4. Comparison of fuel efficiency and output rate for various heat sources.

Stove Volume (L) Time (min) Fuel (kg) Ref.

Household Open Fire 5 38.1 1.1 [8]
Institutional Open Fire 50 60.3 2.4 [39]
Institutional Improved Stove 40 72.7 1.6 [38]

In 2016, the EPA evaluated the 60 L improved cookstove that used to heat the pasteurizer presented
in this paper [38], following the Water Boiling Test (WBT) Version 4.2.3 [40] and the ISO International
Workshop Agreement (IWA) 11-2012 Guidelines for Evaluating Cookstove Performance [41]. The
results from the test found that the average equivalent dry fuel required to boil 40 L of water was
1.607 kg with a fuel burning rate of 22.2 g per min and a thermal efficiency of 55%.

Figure 10 compares the measured capacity of batch boiling over the traditional and improved
cookstoves with the water pasteurizer. Due to the continuous nature of the water pasteurizer, the water
capacity increases linearly while the batch boiling increases in a step function. Due to the continuous
and rapid flow rate through the pasteurizer, relatively large volumes of water can be purified in a
short time compared to any of the batch methods. Figure 11 compares the measured fuel usage of
batch-boiling for various stove types against the water pasteurizer, showing relatively similar rates of
fuel consumption for the pasteurizer and institutional open fire, despite significantly higher water
production rates in the pasteurizer. To combine these two metrics, Figure 12 shows the fuel use per liter
of treated water produced, highlighting how the longer the pasteurizer operates, the more efficient its
rate of production becomes relative to other options.

Energies 2020, 13, x FOR PEER REVIEW 14 of 25 

 

(2) batch-boiling a 5 L pot of water over a household-sized open fire (data from [8]); 
(3) batch-boiling a 40 L pot of water over an institutional-sized open fire (data from [39]).  

In 2016, the EPA evaluated the 60 L improved cookstove that used to heat the pasteurizer 
presented in this paper [38], following the Water Boiling Test (WBT) Version 4.2.3 [40] and the ISO 
International Workshop Agreement (IWA) 11-2012 Guidelines for Evaluating Cookstove 
Performance [41]. The results from the test found that the average equivalent dry fuel required to boil 
40 L of water was 1.607 kg with a fuel burning rate of 22.2 g per min and a thermal efficiency of 55%. 

Figure 10 compares the measured capacity of batch boiling over the traditional and improved 
cookstoves with the water pasteurizer. Due to the continuous nature of the water pasteurizer, the 
water capacity increases linearly while the batch boiling increases in a step function. Due to the 
continuous and rapid flow rate through the pasteurizer, relatively large volumes of water can be 
purified in a short time compared to any of the batch methods. Figure 11 compares the measured fuel 
usage of batch-boiling for various stove types against the water pasteurizer, showing relatively 
similar rates of fuel consumption for the pasteurizer and institutional open fire, despite significantly 
higher water production rates in the pasteurizer. To combine these two metrics, Figure 12 shows the 
fuel use per liter of treated water produced, highlighting how the longer the pasteurizer operates, the 
more efficient its rate of production becomes relative to other options.  

Table 4. Comparison of fuel efficiency and output rate for various heat sources. 

Stove Volume (L) Time (min) Fuel (kg) Ref. 
Household Open Fire 5 38.1 1.1 [8] 
Institutional Open Fire 50 60.3 2.4 [39] 
Institutional Improved Stove 40 72.7 1.6 [38] 

 

Figure 10. Water treatment capacity of the water pasteurizer compared to batch-boiling over 
traditional and improved household and institutional cookstoves. 

0

500

1000

1500

2000

2500

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

W
at

er
 c

ap
ac

tiy
 (L

)

Time (hours)

Water pasteurizer

Batch - Institutional Improved
Stove
Batch - Institutional Open Fire

Figure 10. Water treatment capacity of the water pasteurizer compared to batch-boiling over traditional
and improved household and institutional cookstoves.



Energies 2020, 13, 936 15 of 24Energies 2020, 13, x FOR PEER REVIEW 15 of 25 

 

 

Figure 11. Total fuel used (dry-wood equivalent) during operation of the water pasteurizer compared 
to batch-boiling over traditional and improved household and institutional cookstoves. 

 

Figure 12. Total fuel used (dry-wood equivalent) per liter of treated water for the water pasteurizer 
compared to batch-boiling over traditional and improved household and institutional cookstoves. 

4.2. Use of the Model to Inform Design and Operation 

Flow rates above 5.5 L/min significantly increase the efficiency of the heat exchanger due to a 
turbulent flow, directly affecting the overall energy required per liter of water. Thus, it is 
recommended that the current system design be operated above 5.5 L/min to reduce the amount of 
firewood or other energy required to pasteurize a liter of water. If lower flow rates are expected, a 
different heat exchanger with smaller flow channels could be used to transition to turbulent flow at 

0

2

4

6

8

10

12

14

16

18

20

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

To
ta

l d
ry

-w
oo

d 
us

ed
 (k

g)

Time (hours)

Water pasteurizer

Batch - Institutional Improved Stove

Batch - Institutional Open Fire

Batch - Household Open Fire

0

0.05

0.1

0.15

0.2

0.25

0 50 100 150 200 250

Fu
el

 u
se

 p
er

 L
ite

r p
ro

du
ce

d 
(k

g/
L)

Capacity (L)

Water Pasteurizer

Batch - Institutional Improved Stove

Batch -- Institutional Open Fire

Batch - Household open fire

Figure 11. Total fuel used (dry-wood equivalent) during operation of the water pasteurizer compared
to batch-boiling over traditional and improved household and institutional cookstoves.
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Figure 12. Total fuel used (dry-wood equivalent) per liter of treated water for the water pasteurizer
compared to batch-boiling over traditional and improved household and institutional cookstoves.

4.2. Use of the Model to Inform Design and Operation

Flow rates above 5.5 L/min significantly increase the efficiency of the heat exchanger due to a
turbulent flow, directly affecting the overall energy required per liter of water. Thus, it is recommended
that the current system design be operated above 5.5 L/min to reduce the amount of firewood or other
energy required to pasteurize a liter of water. If lower flow rates are expected, a different heat exchanger
with smaller flow channels could be used to transition to turbulent flow at lower flow rates. As flow
rates increase, however, the amount of total time the water spends at pasteurization temperature
(71 ◦C) or higher decreases. To ensure at least a 6 log reduction in E. coli, flow rates through the system
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should not surpass 9 L/min with the current design, since there is only an automatic regulator for
temperature, not flow rate. To ensure that the flow rate remains below 9 L/min, a flow regulator should
be installed, or the water supply tank can be installed at a fixed height where the water pressure does
not result in a flow rate greater than 9 L/min. To accommodate higher flowrates, the system should be
redesigned with a larger kill chamber and a heating coil long enough to heat water to 71 ◦C.

Results also indicate that, for the present design, most of the time spent pasteurizing occurs in the
heating coil, rather than the kill chamber, as shown in Figure 13. In an optimized and more robust
design the coil should be designed such that it and the heat exchanger bring the water to pasteurization
temperature so that the valve can open and activate, but then most of the pasteurizing time should
occur after the regulating thermostatic valve in the kill chamber, rather than before it. This would
ensure that, even at higher flow rates, sufficient pasteurization time could occur. Extending the kill
chamber and shortening the heating coil will ensure that the valve is regulating the system in the
appropriate location. This is especially important since the heat input cannot be easily mandated
or regulated by users due to the inevitable variation in fire tending, while the geometry of system
components can be. To improve the design, the thermostatic valve can be placed after a calculated
length of coil designed such that water reaches 71 ◦C for just a few seconds upstream of the thermostatic
valve (enough to account for slight flow rate fluctuations). Subsequently, the kill chamber would be
designed to hold the water at a minimum of 15 s. Since the residence time in the coil and kill chamber
is flow-rate-dependent, as shown in Figure 13, the product should be designed with a specific target
flowrate (or range of flow rates) in mind. Note that Figure 13 does not account for potential fluctuation
in flow rates.
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Figure 13. Minimum coil (Do = 12.7 mm) and kill chamber (Do,kill = 53.9 mm) lengths at varying flow
rates required to achieve t≥71 = 15 s as a function of flow rate (at standard sea level with Tpot = 80 ◦C
and Tin = 15 ◦C).

The heat exchanger is a critical element of the system and has a direct impact on both performance
and cost. The current model does not incorporate fouling on either side of the heat exchanger. In
reality, significant fouling can be expected when processing contaminated water from sources such
as surface water. In addition, since the heat exchanger is the most expensive component of the
system, it is worthwhile to explore the effects of heat exchangers that are less expensive, whether
they are less effective or of a shorter length. Both of these situations can be modeled as reductions
in heat exchanger effectiveness on the cold and hot sides. Because heat transfer is a linear function
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of effectiveness, heating coil length will be inversely proportional to changes in effectiveness. Thus,
the system should be designed with a margin of safety to ensure that the water does reliably reach
pasteurization temperature even after fouling is present.

Finally, the strong correlation between the experimental and computational results suggests that
the same methods could be used to model these or other design changes to assist with the improvement
to the system.

5. Conclusions

With nearly 1.2 million people worldwide boiling their drinking water on a daily basis, improving
the time and resource efficiency of this process has great potential to improve both human and
environmental health. This study presented the thermal and microbiological performance of a
biomass-powered water pasteurizer in comparison to the efficiency and capacity of other water boiling
processes and suggested methods to optimize the current design. This work highlights the capability of
biomass-powered systems to achieve pasteurization targets in low-cost, highly efficient, and accessible
ways that may be more appropriate replacements for boiling than other methods, such as chemical or
UV treatment. These improvements in pasteurization theory and technology can lead to decreased
requirements for biomass resources and increased capacity for water purification.

This study focused on the performance of the water pasteurizer, however, future work should
include evaluating the effects of other important water quality parameters, such as pH and total
dissolved solids in the system. Additionally, work should be completed to understand the required
maintenance and long-term usage effects on the technology and components, including how byproducts
of incomplete combustion and interior scaling affect the overall performance and longevity. Strategies
for product maintenance and availability of component replacement parts in regions where the water
pasteurizer will be implemented are also necessary.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/4/936/s1,
Engineering Equation Solver code for the model.
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Abbreviations

Nomenclature
A area
DT D value
D diameter
cp specific heat at constant pressure
f friction factor
h heat transfer coefficient
h height
k thermal conductivity
.

m mass flow rate
m mass
L length
P pressure
P perimeter
q heat
R resistance
t time
t thickness
T temperature
U overall heat transfer coefficient
V mean velocity
x distance
β thermal expansion coefficient
ε heat exchanger effectiveness
Nu Nusselt number
Pr Prandtl number
Ra Rayleigh number
Subscripts
atm atmospheric
c cold
cond conduction
h hot
i inner
kill kill by maintaining at required temperature for required time
o outer
s surface
LM log-mean
pot stockpot

Appendix A. Heat Transfer Model

A one-dimensional steady-state heat transfer model was created in Engineering Equation Solver (EES)
version 10 to determine the effects of inlet pressure, flow rate, temperature, and stockpot temperature on the time
spent at 71 ◦C or above, required heat input, and outlet temperature. The schematic for the model is presented in
the call-out box of Figure 1. The model accounts for an external heat source providing energy to the stockpot
of hot water, a counter-flow heat exchanger (B), heat-up coil (C), and kill chamber (E). Each component was
analyzed individually to establish the inputs, outputs, and equations needed for integration into the model of
the whole system and related to the temperature profile through the system. The governing equations for each
component were coded in subroutines that return output values based on specified input values. These subroutines
are called by a main program, where the overall system parameters are defined. The computer program, ran
through Engineering Equation Solver (EES), iterates until convergence occurs. The system parameters in the main
program are then altered parametrically to simulate different environmental conditions corresponding to expected
operational conditions.

The default model input values are based on the configuration of the current system design. The geometrical
and standard operating variables for these are as shown in Table A1. The current heat exchanger for the system is
the Duda Diesel compact counterflow plate heat exchanger model B3-36A.
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Table A1. Baseline geometrical and system operational parameters.

Geometrical Parameters Operational Parameters

Do,coil 12.7 mm Elevation 0 m
tcoil 0.63 mm Tpot 80 ◦C
Lcoil 15.24 m Tin 10 ◦C

Do,kill 53.85 mm Tpasteurize 71 ◦C
tkill 1.7 mm
Lkill 0.305 m

The model is then used to simulate the effects that variation in these parameters, as well as input variables
including volumetric flow rate of treatment water, water inlet temperature, atmospheric pressure, and pot water
temperature, have on key output variables, including the required heat input to maintain the water in the pot at a
constant temperature, indicating the energy required to pasteurize the water, and the total time the water is at or
above 71 ◦C, indicating the success of pasteurization.

Appendix A.1. Overall System

Assuming no significant losses from evaporation or radiation, the energy balance for the entire system
assumes that energy is transferred from the pot of water heated by the stove to heat the flowing water in the
pasteurizer from the inlet temperature (T1) to the outlet temperature (T5) (Figure 1).

qpot =
.

mcp(T5 − T1) (A1)

Heat losses from the pot are neglected, since these are expected to be heavily dependent on the stove itself,
and consideration of inefficiencies for different stoves is beyond the scope of this article. Rather, this analysis
focuses solely on the useful heat requirements for the water pasteurizer. Evaporation has not been evaluated but
is expected to be minor since minimal water loss from the pot was observed during experimental testing. Within
the system, the heat supplied from the reservoir of water in the pot is divided between the heat-up coil (qcoil.), the
kill chamber (qkillch), and the nonadiabatic heat exchanger (qadd)

qpot = qcoil + qkillch + qadd (A2)

The total time that the water is at or above 71 ◦C is the sum of the time the water spends in the kill chamber
(t≥71) and the time the water spends in the heat-up coil after reaching 71 ◦C (tcoil,≥71)

t≥71 = tcoil,≥71 + tkillch (A3)

Appendix A.2. Heat Exchanger

The heat exchanger was modeled using the effectiveness-number of transfer units (NTU) method. Because
the heat exchanger is submerged in hot water (Tpot), and is therefore nonadiabatic, the exchanger was evaluated
from the perspective of both the cold and hot sides. The actual heat gained between the cold side inlet (T1) and
cold side outlet (T2) was modeled as the sum of the heat transferred from the hot-side (qH) and the additional heat
gained from the pot (qadd). Therefore, a state point 2a was added (Figure 1) to represent the point at which the cold
side water reaches the temperature it would exit at if the exchanger was adiabatic. The dotted section of the cold
side in Figure 1 represents an imaginary section of the heating coil into which qadd is transferred. The cold-side
temperature inlet (T1) is an input variable and the hot-side inlet temperature (T4) is equal to the temperature
leaving the kill chamber. The heat exchanger effectiveness for both the hot and cold sides are input variables,
where the effectiveness on the cold side is higher than the hot side due to the nonadiabatic condition. Effectiveness
for both sides are characterized empirically as a function of volumetric flowrate in Section 3.2.

The heat transferred from the hot side to the cold side of the heat exchanger, qH, is based on the log mean
temperature difference,

qh = UA∆TLM (A4)

where the log mean temperature difference is defined as

∆TLM =
(T5 − T1) − (T4 − T2a)

ln
(

T5−T1
T4−T2a

) . (A5)

This heat transferred across the heat exchanger is applied toward heating the water on the cold-side to state
point 2a

qh =
.

mcp,c(T2a − T1). (A6)
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Because the effectiveness of the cold-side is greater than that of the hot-side, the heat added from state point
1 and 2 is the sum of the heat across the heat exchanger and the additional heat from the pot

qc = qh + qadd (A7)

where the heat added from the pot is defined as

qadd =
.

mcp(T2 − T2a). (A8)

The heat effectiveness of the cold-side is defined as

εc =
qc

qmax
(A9)

and the heat effectiveness of the hot-side is defined as

εh =
qh

qmax
(A10)

where qmax is the maximum possible heat transfer rate defined as

qmax = Cmin(T4 − T1) (A11)

and
Cmin = MIN

( .
mcp

)
c or h

(A12)

to represent the side with the lowest heat capacity.

Appendix A.3. Heating Coil and Kill Chamber

The heating coil and kill chamber were each modeled as a single horizontal cylinder with free convection to
the outside surface, conduction through the thickness of the pipe, and internal forced convection on the water
flowing through the inside. A schematic of a segment is presented in Figure A1. The temperature of the outside
surface of the pipe (Ts,o) is modeled as natural convection from the temperature and pressure in the pot (Tpot and
Ppot, respectively). The heat transferred through the pipe is modeled as conduction through the wall thickness
(qcond), followed by internal forced convection (q f orcedconv.) on the water flowing though the copper tubing at the
specified mass flow rate (

.
m). The heat-up coil is discretized into five segments of equal length and the temperature

of each segment, Tm, is calculated as the average of Tin and Tout for each segment length. Each segment is treated
as a tube with constant surface temperature for the internal forced convection.
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Figure A1. Schematic of a segment of the heat-up coil and kill chamber used in the model.

In calculating the heat transfer from the water in the pot to the exterior of the heating coil, natural convection
on a single horizontal tube is assumed. In actuality, the coil more resembles a bank of tubes, which would decrease
the heat transfer of the lower coils due to the surrounding water cooling as it sinks. However, the pot itself is
heated from the bottom and the sides, which would create an opposing effect, with hotter water on the bottom
rising to the surface. Therefore, it is assumed that these two effects cancel each other out, and a single tube with
natural convection is used to provide a median solution.
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To determine the heat transfer into the tube in the heating coil, the heat transferred to the outer surface
is determined with the Rayleigh and Nusselt number. The Nusselt number is defined by the Prandtl number
according to the Churchill–Chu correlation for natural convection around an isothermal cylinder

Nuo =

0.6 +
0.387(Rao)

1/6(
1 +

(
0.559
Pro

)9/16
)8/27


2

(A13)

and

Nuo =
hoDo

ko
(A14)

where k is the fluid thermal conductivity at the outer surface and

β =
1

T f
(A15)

where T f is the fluid temperature at the outer surface.
The kill chamber surface is assumed to undergo forced convection at the average temperature between the

water in the kill chamber and the surrounding pot

Ts,o(killch) =
T3 + Tpot

2
(A16)

Therefore, the heat transferred to the surface of the kill chamber and the coil is determined by

q = hoAs,o
(
Tpot − Ts,o

)
(A17)

where A is the surface area. The inner surface temperature is determined based on conductive resistance from

q =
Ts,o − Ts,i

Rcond
(A18)

where s refers to the surface and i and o refer to the inner and outer points, respectively, and

Rcond =
ln

(
Do
Di

)
2πLkt

(A19)

where Do and Di are the outer and inner diameters respectively, L is the axial length of the tube, and kt is the
thermal conductivity of the tube material. The outlet temperature of the tube is calculated from

Ts,i − Tout

Ts,i − Tin
= exp

−PLh
.

mcp

 (A20)

where P is the inner tube perimeter and h is the convective heat transfer coefficient. The convective heat transfer
coefficient was determined from

NuD =
hDi
k f

(A21)

where the Nusselt number is determined from the Gnielinski correlation for flow in circular tubes:

NuD =

(
f
8

)
(ReD − 1000)Pr

1 + 12.7
(

f
8

) 1
2 (

Pr
2
3 − 1

) (A22)

and the friction factor is determined from

f = (0.79 ln(Re) − 1.64)−2 (A23)
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The heat transfer rate into the fluid in the tube is related to the change in temperature by

q = hPL∆TLM (A24)

where the log mean temperature difference is defined as

∆TLM =

(
Ts,i − Tout

)
−

(
Ts,i − Tin

)
ln

(Ts,i−Tout
Ts,i−Tin

) (A25)

The time the water was at or above 71 ◦C is found from

t≥71 =
L≥71

V
(A26)

where V is the mean velocity in the tube and L≥71 is the distance the water traveled while at or above 71 ◦C. For
the kill chamber, the water enters above the minimum temperature, so this distance is the length of the chamber.
In the heat-up coil, this distance is the difference between the coil length and the location where the water reaches
71 ◦C, found by substituting x for L and 71 ◦C for Tout:

Ts,i − 71
Ts,i − Tin

= exp

−Px71h
.

mcp

 (A27)
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