62

© IWA Publishing 2014 Journal of Water, Sanitation and Hygiene for Development

|

04.1

|

2014

Viscous heating analysis of simulant feces by
computational ﬂuid dynamics and experimentation
Jagdeep T. Podichetty, Md. Waliul Islam, David Van, Gary L. Foutch and
A. H. Johannes

ABSTRACT
Highly viscous substances, such as feces, produce signiﬁcant heat when layer deformation occurs.
We describe the use of viscous heating sufﬁcient to destroy disease-causing microorganisms and
whipworms in feces. Computational ﬂuid dynamics (CFD) was used to evaluate preliminary design
and provide initial geometric speciﬁcations for a laboratory-scale unit. The laboratory device has a
rotating core separated from a ﬁxed shell wall by a deﬁned space. Data were obtained over a range of
operating conditions with simulant materials. The CFD model was validated with the experimental
W

results. The temperature observed with the smallest spacing was 190 C. Alternative geometries are
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considered for high-volume sludge processing. Potential design modiﬁcations include enhancing
efﬁcient water evaporation and recovery.
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LIST OF SYMBOLS
Cp

speciﬁc heat capacity, J/kg K
3

F

volume force vector, N/m

Fr

volumetric force component radial direction, N/m3

Fφ

volumetric force component rotational direction, N/m3

Fz

volumetric force component axial direction, N/m3

k

thermal conductivity, W/m K

p

pressure, Pa

Q

heat, J or kJ

Qvh viscous heat, J
r

radius, m

t

time, s

T

absolute temperature, K

u

velocity, m/s

u0

radial velocity, m/s

v0

rotational velocity, m/s

w0

axial velocity, m/s

ω angular velocity, m/s
β efﬁciency

Superscript
T transpose

INTRODUCTION
Worldwide, numerous technologies are being considered for
the treatment of human wastes to minimize the spread of disease. Diarrheal diseases kill approximately 1.3 million people
annually; most are children aged 0–4 years (World Health
Organization ). Contaminated water, as a result of poor
or inadequate sanitation, accounts for substantial mortality

wW velocity component in angular direction, m/s

and is the leading cause of diarrhea in developing countries,

Wp pressure work, J

especially urban slums. Fecal matter carrying pathogens can

Greek

enter the water supply in multiple ways: storm water runoff,
3

ρ density, kg/m

septic tank leakage, sanitary sewer system breakage and over-

η dynamic viscosity, Pa.s

ﬂow, and improper disposal of human and animal waste
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(Santo Domingo et al. ). Parasites that spread throughout

or transport and can subsequently be used in energy conver-

the environment with human feces include helminths and

sion or agricultural processes.

protozoa, with particular interest focused on Ascaris lumbricoides,

Giardia

intestinalis,

Trichuris

trichiura,

Similar devices for non-fecal applications have been
reported; for example, Yesilata () worked on the rotation

Cryptosporidium spp. and Taenia spp. (Trönnberg et al.

of mass between two parallel disks. Hooman & Ejlali ()

). In areas where sanitation is non-existent or ineffective

included viscous heating in a correlation to improve ﬂow.

(Trönnberg et al. ), these parasites and protozoa cause

They explained liquid viscosity decreases with incremental

diseases such as cholera, diarrhea and typhoid. The helminth

temperature which resulted in lower pressure drop. Although

(parasitic worm) infections in the human stomach caused by

they provided a theoretical solution for both no-slip and slip

the microbes listed above are ascariasis, trichuriasis (whip-

ﬂow in cases with forced convection of liquid in a micro chan-

worm) and hookworm. These diseases cause both physical

nel ﬂow, no experimentation was included. However, an

harm and reduce scholarly and cognitive development (Beth-

analytical solution for nonisothermal ﬂow with wall slip pro-

ony et al. ).

vided a better understanding of temperature rise in die ﬂow

Viscous heating is a well-known phenomenon; technol-

for viscoelastic ﬂuids (Lawal & Kalyon ). Their mathemat-

ogies include polymer melts and sludge dewatering. Rock

ical solution indicates application over a varied range of

formation is also associated with viscous heating in nature.

viscoplastic ﬂuids. Depending on the resultant viscosity, a por-

A discussion of the contribution of viscous heating in the

tion of the processed product might be recycled to sustain

ﬁeld of geology, along with modeling of the effects is pre-

constant viscosity. Temperature distribution due to viscous

sented by Burg & Gerya (). During viscous heating,

heating of a shear stressed ﬂuid is discussed by Collins ().

temperature rise is caused by internal friction at high ﬂow

In this study, preliminary designs were evaluated using

velocities (Sunden ). Sunden showed viscous heating

computational ﬂuid dynamics (CFD). These simulation pro-

effects in forced convective ﬂow across a circular cylinder

grams solve and analyze energy and mass balances within

at low Reynolds numbers. To evaluate viscous heating for

any geometry. For a shear reactor, these equations describe

this application fecal simulants were used. Structural, ther-

the mass ﬂow and temperature proﬁles. CFD is superior to

mal and viscoelastic properties for potatoes (Singh et al.

simpliﬁed approaches, such as one-dimension ﬂow analysis

) indicate their potential as a simulant. Yavuz et al.

methods using hydraulic radii and lubrication approxi-

() investigated laminar duct ﬂow heat transfer with

mations (Gifford ). Results indicated initial geometric

viscous dissipation for a Newtonian ﬂuid to deﬁne tempera-

speciﬁcations prior to construction and reduced mechanical

ture distribution within annular pipes. Finite difference

trial and error. The CFD model was validated with exper-

analysis of the heat transfer mechanisms for non-Newtonian

imental results using ﬂuid properties and rheology data for

ﬂuids in circular tubes showed that viscous dissipation leads

red potatoes. Variable analysis was performed within the

to high temperature in processing ﬂuids. Heat generated

CFD simulator to evaluate the effects of shear reactor geo-

decreases the viscosity of the ﬂuid and results in less temp-

metry on temperature gradient.

erature rise than for a material with constant viscosity
(Costa & Macedonio ).
We are evaluating the application of viscous heating as a

MATERIALS AND METHODS

component of sanitation. Heat is generated within fecal
simulants by applying shear stress with an extruder. Heat

CFD modeling

generation is sufﬁcient to sanitize the mass. For watery
solids, paper, sawdust or grass clippings could potentially

Governing equations

be added to increase viscosity. Alternatively, allowing
water in the heated mass to vaporize and recycling the

Typically, an extruder-die design depends on three elements,

solids may maintain high viscosity and achieve sufﬁcient

an accurate viscosity model, ability to solve three-

temperature. Once treated, the feces will be safe to handle

dimensional (3D) ﬂow equations, and an objective function
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to distinguish among designs. An accurate ﬂow prediction

direction are different. The ﬂow Equations (6) through (8)

requires a viscosity model that includes the effects of shear

for a stationary axi-symmetric geometry are described by

rate. When the viscosity correlations are unknown, the

Gresho & Sani ():

designer must deﬁne appropriate equations prior to model
tonian ﬂuid at low shear rates; however, they become shear-
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thinning ﬂuids under high shear force. A ﬂow analysis

(6)

development. For example, most polymers behave as a New-

requires a continuous viscosity correlation extending over
the full shear-rate range observed in the analyzed ﬂuid.
The applicability of a model depends on the representation
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of the experimental data. When a power-law expression is

(7)

not adequate, a more suitable model, such as those by Carreau-Yasuda, Bird-Carreau and Cross, may be required
(Gifford ; Vlachopoulos & Strutt ).
Comsol Multiphysics v4.2a (C-M) – a commercial CFD
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package – was used to analyze the temperature proﬁle

In this study, the effect of body force components of the

within the reactor geometries (COMSOL MULTIPHYSICS

momentum equation are assumed negligible. Hence, for this

). C-M can handle steady state, transient ﬂow with heat
equations using ﬁnite element algorithm in both two-dimensional (2D)and 3D geometries. The ﬂow is governed by the
time-dependent Navier–Stokes equations. Equation (1) rep-

model the volumetric force components Fr , Fφ and Fz are
set to zero. The velocity components in the plane are zero.
The velocity components in the angular direction are computed by Equation (9).

resents the vector form of the conservation of momentum
equation and Equation (2) is the continuity equation for
the conservation of mass. The heat transfer in the ﬂuid

wW ¼ rω

(9)

domain is described by Equations (3) through (5).

ρ

@u
þ ρ(u:∇)u ¼ ∇  [  pI þ η(∇u þ (∇u)T ] þ F
@t

ρ∇:u ¼ 0
ρCp

Qvh

Model geometry
(1)
We describe how CFD is used to devise a shear reactor that
(2)

(3)


 

2
(∇:u)I :∇u
¼ μ ∇u þ (∇u)T 
3

(4)


  
T @ρ
@pA
þ u:∇pA
ρ @t p @t

With experimental data the CFD model can be ﬁne-tuned for
additional analysis. The reactor geometry is rotationally sym-

@T
þ ρCp u:∇T ¼ ∇  (k∇T ) þ Q þ Qvh þ Wp
@t

Wp ¼

would disinfect human feces by performing a variable analysis.

metric (Figure 1) and can be setup with a 2D cross-section
and extended to the original 3D geometry. At the outer cylinder
wall a no-slip condition applies. Initial conditions of 0 Pa and

(5)

The terms Qvh and Wp are added to the general heattransfer equation to include viscous heating and pressure
work effects. All three velocity components must be
included in the model since the velocities in the angular
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298 K are used. The thermal properties of high-strength alloy
steel were used for the reactor geometry. The outside surface
of the reactor was set to free convection with a heat transfer coefﬁcient of 5 W/m2 K. The angle of the extruder allows multiple
spacing tests with a single experimental device. By ﬁxing the
shell and moving the core axially the spacing can be adjusted.
The geometry was meshed using an interactive technique.
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Composition of simulant stool

Ingredient

Percentage

Salt

12.2

Rice

18.5

Soy bean paste

33.8

Water

35.5

A total of 454,902 domain nodes and 3,510 boundary nodes
were created within a mesh area of 0.0032 m2 for the 2D
cross-section. The 2D cross-section was rotated around the

Instruments Model CVOR 200, East Brunswick, NJ. A

axis of rotation to obtain the full 3D proﬁle. A grid dependency

sample was placed in a plastic cup within a ball mill of a

test was performed to determine the optimum number of grid

THINKY grinder from Phoenix Equipment, Rochester, NY

nodes. Increasing the number of nodes altered the tempera-

to create a paste. A 2.5 ml sample by syringe was passed

ture predictions less than 0.4%. Hence, the number of nodes

inside the serrated cylinder within the rheometer. The exper-

was considered optimum. Table 1 shows the properties used

iment used a 150 μgap and 40 C. The composition of
W

for simulations. The viscosity model for red potato was devel-

simulant stool is given in Table 2 (Susana.org ). Based

oped from experimental rheology data and was used to

on these data, we selected red potato as our fecal simulant.

validate the CFD model. The simulations were performed

To prepare feed to operate the extruder, red potatoes were

with stationary ‘Fully Coupled’ solver conﬁguration. A Parallel

boiled for at least one hour. After 10–15 min, the skin was

Sparse Direct Solver was used to obtain simulation results. To

removed and potatoes were mashed in a ricer.

validate the CFD model, experiments were performed, as
described in the next section, at various operating conditions.

Shear reactor setup and operation
The viscous heating unit is shown in Figure 2. The machine

Experimental methods

operates with a variable pressure (0–690 kPa) for feed rate
control, spacing (0.75–1.25 mm) between the rotating

Rheology studies

inner core and the ﬁxed outer shell and rotations per

In order to measure the viscosity of different types of pota-

temperature is assumed constant and feed occupies the spa-

toes and wheat ﬂour, we used a rheometer from Bohlin

cing completely. The simulant mass is placed inside the feed

minute (rpm) (0–1,800). For typical operation, the room

chamber, the spacing is adjusted, pressure and rpm are set
Table 1

|

and the extruder is activated. An electric switch opens the

Properties used for CFD modeling

air valve and moves the plunger that pushes simulant or
feces into the gap. Once some initial mass was observed to

Red potato
Density, ρ

1,030 kg/m3

exit the shell, a rubber stop cork was used to close the

Viscosity model, μ

0.4 Pa s; t ¼ 0 s
206.4*(Shear rate)0.92
Pa · s; t > 0 s

outlet for a time (holdup time) to allow the equipment and

Thermal conductivity, k

0.03 W/(m K)

Heat capacity, Cp

4,186 J/(kg K)

High-strength alloy steel
Head capacity, Cp

475 J/(kg K)

Thermal conductivity, k

44.5 W/(m K)

Density, ρ

7,850 kg/m3
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the mass to heat due to friction. After the desired temperature is achieved the stopcock is removed and mass ﬂow is
established. The mass in the annular space has a deﬁned
holdup time. During experimentation temperature is
recorded by a thermocouple – an Omega HHM 31 Digital
Multimeter – and rpm by a digital photo laser tachometer
(non-contact). Air pressure, spacing, rpm and torque data
are collected.
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Instrumented reactor to process fecal and simulant solids.

The plunger on the left in Figure 2 moves inside a cylindrical feed chamber to press the feed inside the shell. A hole
on the cylindrical chamber allows the operator to charge the
feed. The plunger is air driven and can push the feed with a
gauge pressure from 0 to 100 psi. In the ﬁgure, the pressure
gauge is hanging on the metallic vertical wall. Below
the gauge, a regulator controls the pressure. On the right
side of Figure 2, a Hitachi WJ200 Series 200 V three-phase
inverter is attached on the vertical wall to set the required
rpm of the AC motor.
Not shown in Figure 2, but mounted on the wall power
supply, is a wattmeter to measure the energy consumption.
By recording the instantaneous power a plot with time for
both no-load and load operating conditions allows for calculation of the energy input into the simulant.
The cone and the shell are shown in the lower center
of Figure 3. The ﬁxed shell has a spacing calibration ranging from 0 to 1.25 mm. The cone moves inside the shell.
In contact with the inner cone surface, mass starts rotating,
deforms, and creates friction. The moveable bearing is
attached around the stem of the cone with a black circular
plastic rubber seal. The combination aligns the cone in a

Figure 3

|

The cone (left) rotates inside the housing (right).

concentric position inside the cylindrical shell. The black
hole shown on the shell in Figure 3 serves as an outlet.

moved to set the desired spacing based on the calibration.

The shell was calibrated for three positions: 0.75, 1.00

The spacing between the housing and rotating shaft is

and 1.25 mm. Spacing between the rotating cone and the

increased if the metal handle is pushed forward to the ver-

stationary shell is ﬁxed by the operator. A handle is

tical metal wall (anticlockwise direction as you look from
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the side of the air cylinder inlet). Vegetable dye tracer

). Plots of the same type are found for wheat and

studies conﬁrmed plug ﬂow behavior through the reactor.

maize starch paste in Ellis et al. (). While wheat ﬂour
had the closest match with human feces over a range of
shear rate, red potatoes were selected as the test simulant

RESULTS AND DISCUSSION

when matched with moisture content and ease of
preparation.

Shear rate dependency on viscosity
Viscous heating of simulant (red potato) and CFD
model validation

Finding a reasonable and safe simulant for experimentation
was required. A search of shear thinning ﬂuids (where viscosity decreases with increasing shear rate) indicated

As the core rotates inside the housing, the potatoes pass

several alternatives with similar properties to feces. Figure 4

between the two metallic surfaces. The outlet was closed

presents viscosity data for pig caecal, chicken caecal and

for a certain holdup time and the potatoes gained heat.

human stool compared with several starchy materials and

When allowed to exit the reactor, the elevated temperature

simulant stool (Doucleff ). The viscosity decreased

observed initially reduces as the mass cools due to water

with increase in shear rate. The graphical representation

evaporation and release to atmospheric pressure. Table 3

for fecal matter follows a similar trend line (Woolley et al.

shows data for experiments at 1,800 rpm with a spacing of

Figure 4

Table 3

|

|

Shear rate decrease with viscosity for various feces and simulants.

CFD and experimental results: Temperature with time at constant feed pressure, rpm and spacing

Feed

Pressure
kPa

rpm

Spacing
mm

Holdup time
seconds

Temperature outlet
C

CFD average ﬂuid temperature
C

Red potato

690

1,800

0.75

0
60
120
180
240
260

34
64
74
86
162
190

35
76
103
131
159
168
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0.75 mm and feed pressure of 690 kPa at various holdup

deviation between CFD predictions and experimental

times. As the holdup time increased, the temperature

measurements can be attributed to the thermal mass of the

increased.

system, heat loss and temperature measurement technique.

The temperature increased with holdup time. A tempW

An average ﬂuid temperature was obtained from CFD

erature of 190 C was obtained at 260 s holdup time.

while outlet temperature was measured during experiments.

Experiments were stopped at this temperature to prevent

A maximum temperature of 218 C was predicted by CFD

excessive wear and tear on the equipment. This temperature

simulations. Figure 6 shows the ﬂuid temperature proﬁle at

exceeded that required to kill all microorganisms in human

260 s. The CFD model can be used effectively to make

feces by thermal energy alone. However, additional

improvements to the current design. Experiments were

microbial destruction is anticipated from the shear stress

also performed by varying reactor spacing at constant

within the extruder. Temperatures for steam sterilization

pressure, rpm and holdup time.

W

W

W

required 121 C for 30 min or 132 C for 4 minutes
(Rutala & Weber ).

Table 4 indicates that temperature decreases with
increased spacing. These results suggests the likelihood

Figure 5 presents results for experiments with the reac-

that lower spacing, less than 0.75 mm, will generate even

tor feed pressure at 690 kPa, 1,800 rpm and 0.75 mm

higher temperature. However, the temperature requirements

spacing. We performed additional experiments – not pre-

to kill microorganisms have been achieved; hence, further

sented – at constant rpm and spacing and found a similar

reduction was unnecessary. The experiments were done at

trend. The maximum temperature in Figure 5 shows the

constant feed pressure of 690 kPa, 1,209 rpm and 180 s

limitations of the equipment. We believe that increasing

holdup time. After 180 s, the rubber stop cork was removed

rpm and decreasing spacing would increase temperature

and the mass was allowed to leave to the environment. The

further. Additional experimentation on the destruction of
microbes was performed and is presented in a companion
paper.
The data for various holdup times was used to validate
the CFD model. Table 3 compares CFD results with data
at the same conditions. The CFD results in Figure 5 indicate
a linear increase in temperature with holdup, suggesting that
increasing hold time would increase ﬂuid temperature. The

|

Figure 6

Table 4

|

CFD ﬂuid temperature proﬁle: red potato at 260 s holdup time.

Temperature data with the change of spacing at constant pressure, rpm and
holdup time

Pressure

Figure 5

|

Average ﬂuid temperature from CFD and outlet temperature from experimental measurements at 1,800 rpm and 0.75 mm reactor spacing.
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time

Spacing

Temperature
outlet

Feed

kPa

rpm

seconds

mm

W

Red potato

690

1,209

180

0.75
1
1.25

72
70
50

C
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larger section of the reactor. An average ﬂuid temperature
W

Pressure

Spacing

Holdup
time

Outlet
temperature

Feed

kPa

mm

seconds

rpm

W

Red potato

690

0.75

180

913
1,209
1,504

55
72
104

C

of 114, 168 and 225 C was obtained for reactor lengths
0.05, 0.1 and 0.15 m, respectively. Increase in average ﬂuid
temperature was caused by increase in surface area for the
same amount of feed. The change in angle of the cone follows
the same trend as changes in length. Increasing the angle of
the cone increases surface area and viscous heating. A smaller clearance results in higher maximum temperature,

mass was observed to be hot, moist, and dried quickly when

reducing the clearance from 0.75 to 0.5 mm increased the

exposed to air.

average ﬂuid temperature by 68 C.
W

In the next attempt, the effect of rpm on temperature

An increase in angular velocity increases viscous heat-

rise is evaluated (Table 5). We see at 690 kPa feed pressure,

ing signiﬁcantly. An average temperature of 168, 127 and

0.75 mm spacing, and 180 s holdup time, that the tempera-

76 C was obtained at 1,800, 1,000 and 500 rpm, respect-

ture rises linearly.

ively. The velocity component in the angular direction

W

While 120 C is sufﬁcient to sanitize the waste, oper-

W

(Equation (9)) decreases with decrease in length for the reac-

ation at higher temperature supplies additional energy

tor, resulting in relatively larger surface area for the ﬂuid in

with the primary beneﬁt being increased water evaporation

the larger section of the reactor with corresponding higher

rate. The ‘cost’ for the additional temperature depends on

temperature.

equipment and utility costs. The operation conditions must
be based on optimization of these operational (energy

Shear reactor energy balance

cost) and capital (equipment wear) factors. In summary,
higher holdup time, lower spacing and higher rpm enhance

The wattmeter installed in the power supply line to the reac-

outlet temperature.

tor motor was used to measure the energy consumption.
Potatoes were charged to the reactor and the experiment

Effect of dimension

operated at 690 kPa feed pressure, 0.75 mm gap spacing
and 1,800 rpm setting with a holdup time of 260 s (time to

To evaluate the reactor geometry, the length, angle of the

achieve 190 C per Table 3) for two different conditions –
W

cone and clearance were varied to deﬁne the effect of dimen-

with and without feed into the reactor. For both cases,

sions on temperature gradient. The temperature proﬁles in

power consumption was recorded every 10 s. A plot of

Figure 7 show an increase in average ﬂuid temperature with

instantaneous power versus time was obtained for both no

greater length. Higher temperatures were observed at the

load and load conditions (Figure 8). Energy input to the
feed was calculated by subtraction.
The area under the power versus time curve (Figure 8)
gives the total energy consumed. For a 260 s run, the
energy with load was 243 kJ, and without load was 172 kJ;
for a difference of 71 kJ. Most of the energy input to the
simulant occurs in the ﬁrst 90 s and then drops to a near
steady state value as viscosity is reduced. Correspondingly,
temperature increases rapidly initially and then climbs
gradually, nearly at steady state. Some energy is retained
by the mass, but most is conducted through the metal shell
and core. If the experiments are stopped at 90 s, 48% of
the energy input would go to viscous energy of the mass

Figure 7

|

CFD average ﬂuid temperature proﬁle: the effect of length (L).
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temperature change. Temperature was observed to increase
with decreasing spacing, increasing rpm and increasing conW

tact time. The maximum temperature achieved was 190 C
within 3–4 min with red potatoes. An insulated system
would ensure the desired temperature in the shortest time
and, in turn, higher mass throughput for a speciﬁc temperature and geometry. A signiﬁcant factor is the requirement of
high viscosity to generate heat. For cases where people have
diarrhea, where urine is not separated or when water is
added, this technology will require feed mass modiﬁcation
to increase viscosity. Possibilities include the addition of
paper or biomass, or design modiﬁcations that includes
recycle of some of the dried solid waste. By balancing the
ratio of recycle to fresh feed the required viscosity can be
achieved.
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