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CFD investigation was carried out to study the heat transfer enhancement characteristics of air flow inside a circular tube with a
partially decaying and partly swirl flow. Four combinations of tube with twisted-tape inserts, the half-length upstream twisted-tape
condition (HLUTT), the half-length downstream twisted-tape condition (HLDTT), the full-length twisted tape (FLTT), and the
plain tube (PT) with three different twist parameters (λ = 0.14, 0.27, and 0.38) have been investigated. 3D numerical simulation
was performed for an analysis of heat transfer enhancement and fluid flow for turbulent regime. The results of CFD investigations
of heat transfer and friction characteristics are presented for the FLTT, HLUTT, and the HLDTT in comparison with the PT case.

1. Introduction

The heat transfer enhancement technology (HTET) has been
developed and widely applied to heat exchanger applications
over last decade, such as refrigeration, automotives, process
industry, nuclear reactors, and solar water heaters. Till
date, there have been many attempts to reduce the sizes
and the costs of the heat exchangers and their energy
consumption with the most influential factors being heat
transfer coefficients and pressure drops, which generally lead
to the incurring of less capital costs.

HTET can offer significant economic benefits in vari-
ous industrial processes. By “augmentation” we mean an
enhancement in heat transfer, over that which is existent on
the reference surface for similar operating conditions.

Bergles and Webb [1, 2] have reported comprehensive
reviews on techniques for heat transfer enhancement. For
a single-phase heat transfer, the enhancement has been
brought using roughened surfaces and other augmentation
techniques, such as swirl/vortex flow devices and modifica-
tions to duct cross sections and surfaces. These are the passive

augmentation techniques, which can increase the convective
heat transfer coefficient on the tube side. Many techniques
for the enhancement of heat transfer in tubes have been
proposed over the years.

Siddique et al. [3] reported the following heat transfer
enhancers in his review paper: (a) extended surfaces includ-
ing fins and microfins, (b) porous media, (c) large particles
suspensions, (d) nanofluids, (e) phase-change devices, (f)
flexible seals, (g) flexible complex seals, (h) vortex generators,
(i) protrusions, and (j) ultrahigh thermal conductivity com-
posite materials. Many methods that assist in heat transfer
enhancement effects have been extracted from the literature.

Among of these methods discussed in the literature
are using joint fins, fin roots, fin networks, biconvections,
permeable fins, porous fins, and helical microfins and using
complicated designs of twisted-tapes. The authors concluded
that more attention should be made towards single phase
heat transfer augmented with microfins in order to alleviate
the disagreements between the works of the different authors.

Also, it was noted that additional attention should be
made towards uncovering the main mechanisms of heat
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Table 1: The highest recorded heat transfer enhancement level estimated due to each enhancer, (Siddique et al. [3]).

Heat transfer enhancer type (Heat transfer due presence of the enhancer/heat transfer in absence of the enhancer)

Fins inside tubes 2.0, [4]

Microfins inside tubes 4.0 for laminar, [5]

Porous media ≈12.0 (keff/kf), [6]

Nanofluids 3.5, [7]

Flexible seals 2.0, [8]

Flexible complex seals 3.0, [9]

Vortex generators 2.5, [10]

Protrusions 2.0, [11, 12]

Ultra high thermal conductivity composite materials 6, [13]

transfer enhancements due to the presence of nanofluids.
Further, it can be concluded that perhaps the successful
modeling of flow and heat transfer inside porous media as
seen in the works of Kim and Kuznetsov [14], which is a well-
recognized passive enhancement method, could help in well
discovering the mechanism of heat transfer enhancements
due to nanofluids. This is due to some similarities between
both media. Additionally, many recent works related to pas-
sive augmentations of heat transfer using vortex generators,
protrusions, and ultra high thermal conductivity composite
material have been reported by the authors. Whereas, Nield
and Kuznetsov [15] reported an analysis of laminar forced
convection in a helical pipe of circular cross section and filled
by a porous medium saturated with a fluid, for the case when
the curvature and torsion of the pipe are both small. Later
Cheng and Kuznetsov [16, 17] carried out an investigation
of laminar flow in a helical pipe filled with a fluid saturated
porous medium. The maximum levels of the heat transfer
enhancement estimated due to each enhancer were presented
in Table 1.

Inside the round tubes, a wide range of inserts, such as
tapered spiral inserts, wire coil, twisted-tape with different
geometries, rings, disks, streamlined shapes, mesh inserts,
spiral brush inserts, conical-nozzles, and V-nozzles, have
been used Promvonge and Eiamsa-ard [18] and Promvonge
[19].

Smithberg and Landis [20] have estimated the tape-fin
effect assuming a uniform heat transfer coefficient on the
tape wall, equal to that on the tube wall. Authors reported
that the fin effect increases the heat transfer but in practice,
the tape-fin effect will not attain such a high value due to
the poor contact between the tape and the tube. In order
to estimate the tape fin effect, Lopina and Bergles [21]
conducted experiments using insulated tapes. Assuming zero
contact resistance between tube and tape with equal and
uniform heat transfer coefficients on tube and tape walls
authors predicted from 8% to 17% of the heat is transferred
through the tape.

Date [22] reported the prediction of fully developed,
laminar and turbulent, and uniform-property flow in a tube
containing a twisted-tape. The predictions have shown that
significant augmentation in heat transfer can be obtained at
high Reynolds and Prandtl numbers, low twist ratios, and
high fin parameters.

Manglik and Bergles [23] presented experimental cor-
relations for pressure drop and heat transfer coefficient for
laminar, transition, and turbulent flow in isothennal-wall
tubes with twisted-tape inserts. Unlike previous correlations,
they included the tape thickness in order to properly account
for the helical twisting of the streamlines.

Al-Fahed et al. [24] reported an experimental work
to study the heat transfer and friction characteristics in
a microfin tube fitted with twisted-tape inserts for three
different twist/width ratios under laminar flow region.

Saha and Dutta [25] reported investigation on the
experimental data on swirl flow due to twisted-tape in
laminar region for friction factor and Nusselt number for
a large Prandtl number range (from 205 to 518). The
author observed that, on the basis of a constant pumping
power, short-length twisted-tape is a good choice because in
this case swirl generated by the twisted-tape decays slowly
downstream which increases the heat transfer coefficient
with minimum pressure drop, as compared with a full-length
twisted-tape.

Whereas, the concluding remarks from earlier studies on
numerical and experimental work are as follows.

Rahimi et al. [26] carried out experimental and CFD
studies on heat transfer and friction factor characteristics of a
tube equipped with modified twisted-tape inserts. The inves-
tigations are with the classic and three modified twisted-tape
inserts. The authors observed that the Nusselt number and
performance of the jagged insert were higher than other ones.

Eiamsa-ard et al. [27] carried out the numerical analysis
of heat and fluid flows through a round tube fitted with
twisted-tape. The author investigated the effect of tape
clearance ratio on the flow, heat transfer, and friction factor.

Chiu and Jang [28] studied numerically and experi-
mentally three-dimensional gas-fluid flow and heat trans-
fer inside tubes with longitudinal strip inserts (both
with/without holes) and twisted-tape inserts twisted at three
different angles (α = 34.3◦, 24.4◦, and 15.3◦).

From above studies it could be concluded that the
tube-tape inserts in a full length of tube provide one of
the most attractive heat transfer augmentative techniques
for flow inside the tube on account of its simplicity and
the effectiveness. The short-length twisted-tape s have been
considered by many researchers due to reduction of pressure
drop while augmenting the heat transfer simultaneously.
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Figure 1: Problem definition geometrical configuration (a), physical model of the problem defined (b). Different configurations under
study.

A CFD prediction of the heat transfer and friction
characteristics of the partially decaying swirl flows in the
turbulent flow regime has been taken up to study the
structure of velocity and temperature fields. The effects of
the twisted-tape location on pressure drop and heat transfer
characteristics due to creation of swirl in the turbulent flow
within the tubes were also studied.

2. Numerical Simulations

2.1. Physical Model. The numerical simulations were carried
out using the CFD software package FLUENT-6.2.16 that
uses the finite-volume method to solve the governing
equations.

Geometry was created for air flowing in an electrically
heated stainless steel tube of 22 mm diameter (D) and length
(L) 90 times the diameter as in the experimental setup as
shown in Figure 1. A computational model has been created
in GAMBIT-2.2.30 as shown in Figure 3.

In this study, the effects of the twist parameter (λ =
d/H = 0.14, 0.27, and 0.38) and the two heat flux inputs
(Q = 2300 and 6200 W/m2) on heat transfer rate (Nu),
friction factor ( f ), and thermal performance factor (η) are
examined under uniform heat flux conditions with air as the
testing fluid and with different inlet frontal velocities with
Reynolds number, Re between 25000 and 110000.

Twisted-tape inserts under the following locations of the
twisted-tape configurations were used.

(a) Upstream condition (HLUTT)—tube with twisted-
tapes located in the first half of 50 diameters of the
heated section. (Partially decaying swirl flow.)
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Figure 2: Grid independence test.

(b) Downstream condition (HLDTT)—tube with
twisted-tapes located in the second half of 50
diameters of the heated section. (Partly swirl flow.)

(c) Full-length condition (FLTT)—tube with twisted-
tapes located in the full length of the heated section.
(Fully swirl flow.)

(d) Plain tube condition (PT)—tube without twisted-
tapes in the full length of the heated section. (Smooth
tube flow.)

2.2. Numerical Method. The available finite-difference pro-
cedures for swirling flows and boundary layer are employed
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to solve the governing partial differential equations. Some
simplifying assumptions are required for applying of the
conventional flow equations and energy equations to model
the heat transfer process in tube with twisted-tape.

For turbulent, steady, and incompressible air flow with
constant properties, while we neglect the natural convection
and radiation, we follow the three-dimensional equations
of continuity, momentum, and energy, in the fluid region.
These equations are as below.

Continuity equation:

∂ρ

∂t
+∇ · (ρv) = 0. (1)

Momentum equation:

∂
(
ρv
)

∂t
+∇.(ρvv) = −∇p +∇.(τ) + ρg. (2)

Energy equation:

∂
(
ρE
)

∂t
+∇.(v(ρE + p

)) = ∇ · (keff∇T + (τeff .v)). (3)

In the Reynolds-averaged approach for turbulence modeling,
the Reynolds stresses in (2) are appropriately modeled by a
method that employs the Boussinesq hypothesis to relate the
Reynolds stresses to the mean velocity gradients as shown
below:

−ρui′uj′ = μt

(
∂ui

∂x j
+
∂u j

∂xi

)

− 2
3

(
ρκ + μt

∂uκ

∂xκ

)
δi j. (4)

An appropriate turbulence model is used to compute the
turbulent viscosity term μt. The turbulent viscosity is given
as

μt = ρCμ
k2

ε
. (5)

The second-order upwind scheme was used to discretize
the convective term. The linkage between the velocity and
pressure was computed using the SIMPLE algorithm. The
standard wall treatment model was chosen for the near-wall
modeling method.

For validating the accuracy of numerical solutions, the
grid independent test has been performed for the physical
model. The grid is highly concentrated near the wall and in
the vicinity of the twisted-tape. Four grid systems with about
130000, 300000,660000, and 1200000 cells are adopted to
calculate grid independence. We compared the friction fac-
tors for these four mesh configurations as shown in Figure 2.
After checking the grid independence test, the simulation
grid in this study was meshed using about 6, 60,000 cells that
consisted of tetrahedral grid.

Figure 3 shows an example of the partial-meshed con-
figuration of the round tube equipped with a twisted-tape.
It consists of a tube of diameter 22 mm containing twisted-
tape insert, test section 2000 mm, and calming section of
1200 mm dimensions just like those in experimental setup
with twist angle 0.14. To capture wall gradient effects, mesh
has been finer toward the walls. There are a total of 6, 60,000
nodes in the domain simulation.

In addition, a convergence criterion of 10−6 was used for
energy and 10−3 for the mass conservation of the calculated
parameters.

The air inlet temperature was specified as 300 K, and
three assumptions were made in the model: (1) the uniform
heat flux was along the length of test section, (2) the wall of
the inlet calming section was adiabatic, and (3) the physical
properties of air were constant and were evaluated at the bulk
mean temperature. The velocity inlet boundary condition
was adopted at the inlet and outflow at the outlet of the
domain shown in Figure 1.

2.3. Data Reduction. In order to express the experimental
results in a more efficient way, the measured data was
reduced using the following procedure. Three important
parameters considered were the friction factor, the Nusselt
number, and the thermal performance factor, which were
used for determining the friction loss, heat transfer rate,
and the effectiveness of heat transfer enhancement in the
tube, respectively. The friction factor ( f ) is computed from
pressure drop, ΔP across the length of the tube (L) using the
following equation:

f = ΔP
(L/D) · (ρU2/2

) . (6)

The Nusselt number is defined as

Nu = h ·D
k

. (7)

The average Nusselt number can be obtained by

Nuavg =
∫

Nu(x)
∂x

L
. (8)

The various characteristics of the flow, the Nusselt number,
and the Reynolds number were based on the average of
the tube wall and the outlet air temperatures. The local
wall temperature, inlet and outlet air temperatures, the
pressure drop across the test section, and the air flow velocity
were measured for heat transfer of the heated tube with



Journal of Thermodynamics 5

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

25000 50000 75000 100000 125000
Reynolds number

Fr
ic

ti
on

 fa
ct

or
,
f m

fm simulated
fm analy
fm expt

fm = 0.046 · Rea−0.2

(a) Friction factor verses Reynolds number

0

50

100

150

200

250

25000 50000 75000 100000
Reynolds number

Nu simulated
Nu anly Dittus Boelter
Nu expt

M
ea

n
 N

u
ss

el
t 

n
u

m
be

r, 
N

u
m

Num = 0.023 · Rea0.8Pr 0.4

(b) Nu verses Reynolds number

Figure 4: Comparison of CFD results with experimental data and correlations.

different tube inserts. The average Nusselt numbers and
friction factors were calculated, and all fluid properties were
determined at the overall bulk mean temperature.

Thermal performance factor was given by

η = Nu/Nuo
(
f / fo

)1/3 , (9)

where in Nuo, Nu, fo, and f were the Nusselt numbers and
friction factors for the plain tube and the tube with twisted-
tape swirl generator, respectively.

3. Results and Discussion

3.1. Validation of Setup. The CFD simulation result of the
plain tube (PT) without a twisted-tape insert has been
validated with the experimental data as shown in Figures
4(a) and 4(b). The Dittus-Boelter equation for the heat
transfer and the Blasius equation for the friction factor are
the correlations used for the comparison. These results are
within ±15% deviation for the heat transfer (Nu) and ±6%
for the friction factor ( f ). Similarly, the CFD results for the
plain tube are compared with analytical correlations. The
CFD results are within ±9% deviation for the heat transfer
(Nu) and ±6% for the friction factor ( f ) with slightly higher
deviation of ±17% for Re higher than 75000.

3.2. Heat Transfer. Effect of the FLTT twisted-tapes and
HLUTT twisted-tapes on the heat transfer rate is presented
in Figure 5. The results for the tube fitted with HLUTT and
HLDTT have been compared with those for a plain tube and
the FLTT under similar operating conditions for λ = 0.14.

It was seen that the effect of different inserts on the
heat transfer rate was significant for all the Reynolds
numbers used due to the induction of high reverse flows and

disruption of boundary layers. This technique has resulted in
an improvement of the heat transfer rate over the plain tube.

It is clearly seen that as the Reynolds number goes
on increasing, the heat transfer coefficient also goes on
increasing.

It was found that the heat transfer coefficients in the
tubes with the FLTT were 29–86% greater than those in the
case of the plain tubes without inserts.

When the twisted-tape inserts with the HLUTT condi-
tion were used, the heat transfer coefficients were 8–37%
higher than those of the plain tubes. However, the twisted-
tape inserts with the HLUTT and HLDTT conditions had
15–95% reduction in values for the heat transfer coefficient
when compared to the FLTT condition. Whereas when the
twisted-tape inserts with the HLDTT condition were used,
the heat transfer coefficients were 9–47% higher than those
of the plain tubes.

3.3. Friction Factor. The variation of the pressure drop is
presented in terms of the friction factor as shown in Figure 6.
It shows the friction factor versus the Reynolds numbers for
different combinations of inserts.

It is seen that the friction factors obtained from three
different inserts follow a similar trend and this decreases with
an increase in the Reynolds number. The increase in friction
factor with swirl flow is much higher than that with an axial
flow.

It was found that the pressure drop for the FLTT inserts
was 203–623% higher than that for the plain tubes. For the
HLUTT inserts, it was 36–170% higher than that for the plain
tubes. However, the pressure drop for the HLUTT was 82–
168% less than that for the FLLT inserts. For the HLDTT
inserts, it was 31–144% higher than that for the plain tubes.
It was seen that the highest pressure drop occurred when the
tape inserts with a twist ratio λ = 0.38 were used.
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Figure 5: Variation of Nussle number (Nu) versus Re for different inserts: (a) for λ = 0.14, (b) for λ = 0.27 and, (c) for λ = 0.38.

3.4. Thermal Performance Factor. From Figure 7, it has been
observed that the thermal performance factor tends to
decrease with an increasing twist parameter and with an
increase in the Reynolds number for HLUTT and HLDTT
twisted-tapes. Whereas for FLTT, it was found that thermal
performance factor tends to decrease with an increasing twist
ratio and increase with an increase in the Reynolds number.
For all the twist ratios, the HLUTT and HLDTT configura-
tions have been seen to give the thermal performance factors
in the range of 1.02–1.16, which is comparable with those
provided by the FLTT (1.03–1.24).

3.5. Streamline and Pathline. Plots of pathlines through the
tube with twisted-tape inserts have been shown in Figure 8.
It is evident that the insertion of the tape induces the
swirling flow, and the twisted-tapes generate two types of
flows which are (1) a swirling flow and (2) an axial or
straight flow near the tube wall. It is noteworthy that the

FLTT gives higher velocity of the fluid flow through the test
section compared to those with partially extending tapes
where decaying of swirl flow along the length of tube takes
place.

3.6. Velocity Vector Plots. Vector plots of velocity predicted
for the tubes with FLTT and PT configuration are depicted
in Figure 9 and Figure 10. As seen in the figures, two
longitudinal vortices are generated around tapes in the core
flow area. These longitudinal vortices play a critical role of
disturbing the boundary layer and making the temperature
uniform in the core flow. And at the same time, it has been
found that a vortex tends to decay along the length in case
of HLUTT and HLDTT cases which are partially decaying
due to absence of twisted-tape in the latter part of the test
section as shown in Figure 11. Whereas for the HLUDTT case
a vortex tends to grow along the length after the initial half
part of the test section as shown in Figure 12. The tangential
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velocity is almost zero for the plain tube at all the Reynolds
numbers. However, it is seen that this velocity component
increases when any of the above mentioned inserts are placed
inside the tube.

3.7. Temperature Profiles Analysis

(a) Plain Tube Data. It is observed from the smooth tube
temperature profile that the maximum wall temperature in
the test section, Twx,max, and the maximum temperature dif-
ference between the tube wall and the fluid, (Twx − Tbx)max,
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Figure 8: (a) Pathline through twisted-tape; (b) particle track
through the tube with twisted-tape inserts.

both occur at X/D = 86. Twx,max varies from 48◦C to
215◦C, (Twx − Tbx)max varies from 10◦C to 56◦C, and the wall
temperature profile shows fully developed characteristics at
roughly 17 diameters from entrance. At any location wall
temperature decreases with Reynolds number and increases
with heat flux.

(b) Twisted-Tape Data. Figures 13 and 14 show wall tem-
perature profiles, for all the cases investigated. The data
presented reveal the following trend.

(i) Effect of Reynolds Number on Twx. At any axial
location the local wall temperature decreases with
increasing Reynolds number. This is quite expected
since heat transfer coefficients increase with Reynolds
number bringing down both the wall to fluid temper-
ature difference and the absolute wall temperature.

(ii) Effect of Heat Flux on Twx. In all the cases, an increase
in heat flux results in an increase in the local wall tem-
perature. For the upstream condition at λ = 0.14, an
increase in heat flux caused, in addition to an increase
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in the local wall temperature, a shift in the location of
(Twx − Tbx)min from X/D = 36 to X/D = 45.

(iii) Effect of Twist Parameter on Twx. It is observed that
the twist parameter λ has a significant effect on both
the magnitude of Twx and its variation along the test
section. Effect of λ on Twx will be discussed separately
for the upstream and downstream conditions.

Upstream Condition. A dip in wall temperature is observed
at the end of tape section for all values of λ. In the swirl
decay section following the tape, the local wall temperature
increases with an increase in λ.

Downstream Condition. The maximum wall temperature,
Twx,max is located at X/D = 86, for all values of λ. A steep
temperature drop is noticed rear the entrance to tape section,
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Figure 13: Experimental and CFD wall temp and surface temp for
upstream location for q = 2300 W/m2, Re = 25000, and λ = 0.14.
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Figure 14: Expt. and CFD wall temp and surface temp for
Downstream location for q = 2300 W/m2, Re = 25000, and λ =
0.14.

for λ = 0.38 and 0.27, except for λ = 0.14. For all values of λ,
the tape section records the lowest wall temperature and the
smooth section, the highest.

(iv) Effect of Tape Location on Twx. It is observed that
the local wall temperatures are least for downstream
condition. The effect of tape location on the max-
imum test section temperature, Twx,max, is given
below. Values are given as a percentage decrease from
corresponding smooth tube values. See Table 2.

It is seen that downstream location of tape is most
effective in bringing down the maximum test section wall
temperature.

3.8. Local Nusselt Number Analysis. An examination of
the local Nusselt number profiles for the upstream and
downstream conditions as shown in Figure 15 shows that
the Nusselt number attains local peaks, a characteristic
which was noticed by Klepper [29] also in his experiments
on partially extending tapes. This unusual behavior of the
local Nusselt number has not been reported by any other

Table 2: The effect of tape location on the maximum test section
temperature, Twx, max.

Tape location Min Max

HLDTT 5.2% 19%

HLUTT 0.0% 6%
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Figure 15: Local Nusselt number along axial distance for HLUTT
for λ = 0.14, q = 2300 W/m2.

investigator. That the occurrence of these peaks is real and
appears beyond doubt when it is observed that they occur at
all Re, λ and, q and for both the downstream and upstream
tape locations.

While, the characteristic of local peaks observed in the
investigation can be used in avoiding the local hot spots in
heat exchanger application, with possible application in such
diverse areas as the cooling of an overheated rocket nozzle
throat, prevention of burnout in space and earth power
plants, and reduction of wall temperature in circulating fuel
reactors and in the heat exchange equipment used in process
industries. In most of the above applications temperatures
critical to material life are likely to be reached, and as
such any reduction in wall temperature would imply an
improvement in performance.

4. Conclusion

The important issue in the present work can be expressed as
the understanding of heat transfer and temperature analysis
for fully, partially decaying, and partly swirl flow using the
FLTT, HLUTT, and HLDTT twisted-tape insert.

The performance of this insert was compared with those
of the FLTT twisted-tape inserts and the PT.

It was found that the heat transfer coefficient and the
pressure drop in the tubes with the FLTT were 29–86% and
203–623% greater than those in the case of the plain tubes
without inserts.
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When the twisted-tape inserts with the HLUTT condi-
tion were used, the heat transfer coefficient and the pressure
drop were estimated at 8–37% and 36–170% higher than
those in the case of the plain tubes.

When the twisted-tape inserts with the HLDTT condi-
tion were used, the heat transfer coefficient and the pressure
drop were estimated at 9–47% and 31–144% higher than
those in the plain tube case.

It was found that thermal performance and local peak
in heat transfer could be increased by using a combination
of inserts with different geometries in the plain tubes while
reducing the pressure drop. The characteristic of local peaks
observed in the investigation can be used in avoiding the local
hot spots in heat exchanger application.

Since the Nusselt number peaks were observed for both
the downstream and upstream tape locations, the choice of
tape location would be governed by the actual location of hot
spots.

Nomenclature

E: Total energy, J
f : Friction factor
h: Enthalpy, J or convective heat transfer

coefficient,Wm−2 K−1

k: Thermal conductivity, Wm−1 K−1

keff: Effective thermal conductivity,
Wm−1 K−1,

L: Test section length, m
Nu: Nusselt number
p: Static pressure, Pa; Δp pressure drop, Pa
Re: Reynolds number, Rea= axial Reynolds

number
u: Mean velocity, ui′ fluctuation velocity

components, ms−1

w: Tape width, m
y: Twist ratio = H/D, Hpitch for 180◦

rotation of the twisted-tape (mm)
λ: Twist parameter = D/H or 1/y
Twm: Mean inside wall temperature
Tbm: Mean bulk fluid temperature.

Greek Symbols

μt: Eddy viscosity, kg s−1 m−1

η: Thermal performance factor
δ: Thickness of the twisted-tape (mm)
ε: Turbulent dissipation rate, m2s−3.
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