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This paper reports experimental studies on friction factor, Nusselt number, and
thermal hydraulic performance of a tube equipped with the classic three modified
internally grooved tubes. Heat transfer and friction factor characteristics and pres-

sure drop results have been obtained experimentally for a fully developed water
flow in a grooved tube is also reported. Tests were performed for Reynolds number
ranges from 5000-13500 for different geometric grooved tubes (circular, square,

and rapezium). The ratio of length-to-diameter is 38.69 D. Among the grooved
tubes, heat transfer enhancement obtained up to 47% for circular grooved tube,

31% for square grooved tube, and 52% for trapezoidal grooved tube in comparison
with the smooth tube. It has been observed that the friction factor high in the case of
square grooved tube than those of other tubes.
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Introduction

Heat transfer enhancement (HTE) techniques can the divided into two categories pas-
sive and active. In passive HTE an object which does not use external energy, such as groove in-
side the tube, has the duty of increasing the heat transfer rate [1, 2] An experimental investiga-
tion was carried out on heat transfer and friction factor characteristics with internally grooved
tubes [3]. Forced convection heat transfer is the most frequently employed mode of the heat
transfer in heat exchangers or in various chemical process plants. The use of turbulence pro-
motes or roughness elements, such as welded ribs, grooves or wires on the surface, is a common
technique to enhance the rate of heat transfer [4] use of the artificial grooved or fluted tubes is
widely used in modern heat exchangers, because they are very effective in heat transfer augmen-
tation.

Sivashanmugam and Suresh [5] investigated the heat transfer and friction factor char-
acteristics of a circular tube fitted with a full length helical screw element with different twist ra-
tios. They reported higher performance of helical twisted insert in comparison with the twisted
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tape insert. In continuation of this research, they studied the heat transfer augmentation and fric-
tion factor in tubes fitted with regularly spaced helical screw tape inserts [6]. Despite the high
pressure drop caused by an insert in a tube using tube insert in heat exchangers has received a lot
of attention during the last two decades.

Eiamsa-Ard et al. [7] presents the applications of a mathematical model for simulation
of the swirling flow in a tube induced by loose — fit twisted tape insertion. Zimparrov [8, 9] ex-
periments a simple mathematical model flowing, the suggestions of Smithbery and Landis has
been created to predict the friction factors for the case of a fully developed turbulent flow in a
spirally corrugated tube combined with a twisted tape insert. Goto et al. [10, 11] investigated the
condensation and evaporation augmentations in internally grooved tube. The measured data
yield a set of Nusselt number correlations. There were also studies examining the helically cor-
rugated tubes [12].The corrugated tubes induce a secondary flow in a form of single vortex.
Some of the studies investigating heat transfer and friction co-efficient were conducted in
square coiled-wires [13]. Conical ring inserts [ 14]. All inserts were inserted into the tube by wall
attached position, except twisted tape.

There are numerous investigations using the periodic and fully developed flow con-
cepts on fluid flow and heat transfer for the parallel plate channels with periodically grooved
parts. Promvonge [15] investigated that the snail entry with the coiled square-wire provides
higher heat transfer rate than that with the circular tube of under the same conditions. The HTE
can create one or more combinations of the following conditions that are favorable for the in-
crease in heat transfer rate with an undesirable in increase in friction: (1) interruption of bound-
ary layer development and rising degree of turbulence, (2) increase in heat transfer area, and
(3) generating of swirling and/or secondary flows. To date, several studies have been focused on
passive HTE methods reverse/swirl flow devices (rib, groove, wire coil, conical ring snail entry,
twisted tape, winglet, efc.,) form an important group of passive augmentation technique [16].

Dong et al. [17] conducted test for air side Reynolds number in the range of 800-1500
with different fin pitches, fin lengths, and fin heights at a constant tube side water flow rate
of 2.5 m%/h. Zhang et al. [18] experimental study on evaporation heat transfer of R 417A flowing
inside horizontal smooth and two internally grooved tubes with different geometrical parame-
ters was conducted with the mass flow rate range from 176 to 344 kg/s. Based on the experimen-
tal results, the mechanism and mass flow rate, heat flux, vapor quality and enhanced surface in-
fluencing the evaporation heat transfer coefficient were analyzed and discussed.

In the present study the pipe flow with three types of grooved tubes (circular, square,
and trapezoidal) at constant wall flux condition is studied experimentally for Reynolds number
ranges from 5000-13500 and groove depth was fixed to investigate the effect of the groove
shapes on heat transfer. The experimental results are compared to that of the smooth tube to ob-
tain the heat transfer and pressure drop are reported to reveal experimentally efficient pipe
groove configurations. The thermal hydraulic performance for all the cases was also performed.

Experimental set-up and procedure

The experimental set-up and schematic diagram of the experimental apparatus are
shown in figs. 1 and 2, respectively. The open test loop consists of a reservoir, centrifugal pump,
calming section, test sections (plain tube, circular, square, and trapezoidal grooved tubes), riser
section, and collecting tank. Water was used as test fluid. The pump used in this work was a cen-
trifugal type, in which the flow rate controlled by the rotational speed. Water was driven by the
pump from reservoir to flow through the test section. The plain carbon steel tube with hydro-
dynamic development section of length 2140 mm, the test section length of 1700 mm with
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Figure 1. Experimental set-up
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38.14 mm inner diameter, and 48.26 mm outer
diameter was used for experiment. The test sec- ~ Figure 2. Schematic diagram of the experimental
tion is first wound with sun mica to isolate it ~ apparatus
electrically. Then ceramic beads coated electri-
cal SWG Nichrome heating wire giving maximum power of 3000 W is wounded over it. Over
the electrical windings, the test sections with thick insulation consisting of layer of ceramic fi-
ber, asbestos rope, glass wool another layer of asbestos rope at the outer surface is provided to
prevent the radial heat loss. The test section is isolated thermally from its upstream and down-
stream by plastic bushings to minimize the heat loss resulting from axial heat conduction. The
terminals of the heating coils were connected to the auto-transformer with 3 kW capacities, by
which the heat flux can be varied by varying the voltage. Five calibrated RTD PT 100 type tem-
perature sensors of 0.1 °C accuracy with digital indicator were placed along the test tube in line
with 250 mm spacing each other for measuring the outside wall temperatures of test sections.
The inlet and outlet temperature, 7; and 7, respectively, measured by two RTD PT 100 type
temperature sensors immersed in the mixing chambers provided at inlet and outlet. A differen-
tial pressure transmitter able to read up to 1 cm of water is mounted across the test section to
measure the pressure drop. Calibrated flow meter having range 6 lpm to 22 Ipm is used for mea-
surement turbulent flow. Digital monitoring panel displays the reading of pressure drop, flow
rates and wall temperature variations of the test section. Proper care was taken to prevent the
leakage in all parts of the experimental set-up.

The sectional view of the test section and grooved tubes and geometric shapes of
grooved tubes are shown in figs. 3 and 4, respectively.

Experimental procedure

The centrifugal pump was N — I P mﬁ%\ R S S
switched on, and the water flow A A TR Lt A L L ML e
rate to the test section was ad- 75, cocet weld e 162 . ) H
justed using by-pass valve. A 1"2 jT r:m g L v
sufficient time of 15 minutes 0 00 O 4 ﬁs} [ } g e
were allowed to obtain a e Flag -t 1 S R
steady-state. The heat flux was LR ot
set by adjusting the electrical G s . :
voltage with the help of %ﬁ’ e T % %
auto-transformer, and the con- @ m L
stant heat flux was allowed to Materia_ carbon steel - 1.5 pige 48.35.06 T

Required: one in each variant
No of grooves: 93

continue till the steady-state was

reached. T.he. steady-state was Figure 3. Sectional view of the test section and grooved tubes
obtained within one hour for the  (plain, circular, square, and trapezoidal grooves)
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first run and 25 minutes for the subsequent
runs. The inlet and outlet temperature of water
and the wall temperatures in all RTD tempera-
ture sensors were recorded after steady-state
is reached. The electrical heat flux was mea-
sured by calibrated ammeter and voltmeter
and also with the help of wattmeter. The flow
rates to the test section and heat flux were var-
ied and readings were taken after attaining
steady-state. The experiments were con-
ducted for plain tube, and subsequently circu-
lar, square and trapezoidal grooved tubes. The
Figure 4. Geometric shape of the grooved tubesinmm;  Pressure drop was measured for each flow rate
(a) plain tube, (b) circular groove, (c) square groove, and ~ With the help of digital pressure transmitter
(d) trapezoidal groove under isothermal condition of flow.

(c) 7777777 72 * (d)

D=8§14———g———— D=3814———

s VA4 VLN SWH’ je

Data reduction

The net heat transfer rate from the inner tube surface to the fluid flow passing through
the test tube by convection can be calculated subtracting heat losses from the total electrical
power input at the steady-state conditions, Tanda [19], Wang and Sunden [20, 21], Chang et al.
[22], and Bilen et al. [3]. The net rate heat transfer is also equal to the rate of the heat transfer
given to the fluid passing through the test section, using inlet and outlet temperature difference
and mass flow rate Zimparov [12] Vicente ef al. [1], and Rahimi et al. [2], the energy balance
equation can be written:

Dt =9 vol ~ Qloss = me (To - T1) (1)

were ¢, 1s the net heat transfer rate given to the fluid inside the test tube, ¢, — the measured
electrical power input to the heater, ¢, denotes all the heat losses from the test section.
On the other hand, the heat transfer may be approximated by:

et = hA(TW - Tb)

where

-Gt D) anar, -2 @)

T,
Using egs. (1) and (2) the convection heat transfer coefficient on the grooved tube wall
at the steady-state can be calculated by:
mC, (T, —T;
h= p( o i ) (3)
4 (TW - Tb )
where 4 is the inner surface area of the plain tube, 7, and 7; — the outlet and inlet temperature of
water flow, respectively, T, — the average wall temperature. The average Nusselt number is cal-
culated as: WD

Nu 4)

The Reynolds number is based on the flow velocity and the tube inlet diameter and is

given by:
Re = Q (5)
v
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The friction factor can be determined by measuring the pressure drop across the test
tube length:
AP

where AP is the pressure drop across the test tube measured by an electronic pressure transmit-
ter, L — the test tube length, ' —the mean water velocity at the entrance of the test section which
was calculated from volumetric flow rate divided by the cross-section area of the tube, and D —
the inner diameter of the test tube. The thermo physical properties of water was evaluated at the
bulk fluid temperature 7}, = (7, + T})/2:

f= (6)

— Prandtl number pr = 2! (7)
— area of cross-section a= %Dz (®)
— kinematic viscosity V= % 9)
— mass flow rate m=pAV (10)
— effectiveness Nu

Nu, (11)

The thermal performance for evaluating the increased heat transfer is based on the
same area and pumping power. The following expression which was suggested by Park et al.
[23] is then used: N

u

Nu,

iﬁ
fo

where Nu, and f; are Nusselt number and friction factor for a plain tube, respectively.

The physical properties of water are taken from data book, Kothandaraman and
Subramanian [24]. The SI unit conversion reference in Soman [25] = handbook. Microsoft excel
worksheet was used to calculate Reynolds number, Nusselt number, friction factor, effective-
ness of the grooved tubes, and thermal hydraulic performance of the grooved tubes. The
ASHRAE data and experimental values match nicely (maximum difference of £4%) with tem-
perature ranging from 29 °C to 36 °C.

Experimental uncertainty was calculated following Coleman and Steele [26] and
ANSI/ASME [27] standard. The uncertainties associated with the experimental data are calcu-
lated on the basis 95% confidence level. The measurement uncertainties used in the method are:
bulk fluid temperature and wall temperatures £0.1 °C, fluid flow rate +2%, and fluid properties
+2%. The uncertainty calculation showed that a maximum of +1%, +2%, and +1.7% for
Reynolds number, friction factor, and Nusselt number, respectively. Cai et al. [29] in the design,
most commonly, correlations are developed in terms of dimensionless groups like the Nusselt,
Reynolds, and Prandtl numbers; sometimes for greater generality geometrical factors are also
included. Assuming a functional relationship between the groups with a certain number of free
constants, a regression analysis to minimize the error between predicted and experimental val-

thermal hydraulic performance n= (12)
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ues is carried out to determine the appropriate value of constants. The heat transfer correlations
that can be used to predict the performance of thermal components.

Results and discussion

Validation of the experimental data for the smooth tube

The present experimental results on heat transfer and friction factor characteristics in a
plain tube are first validated in terms of Nusselt number and friction factor. The Nusselt number
and friction factor obtained from plain tube are compared with the correlations of Gnielinski and
Petukhov [29] found in the open literature for turbulent flow in circular tubes is:

(J;j(Re— 100) Pr
Nu for Re > 3000

1+12.7\/§(J3 Pr2 —1) (13)
_ 1
(0.790 In Re—164)2

where f

The Nusselt number for plain tube is given by the Dittus and Boelter [30] correlation
for a fully developed region:

Nu =0023Re%8 Pr®4 for Re >10.000 (14)
100 The friction factor for a smooth tube is by
B g0 . the friction factor correlations from Moody [31]
g is of the form:
280
270 2 . f=0316Re025 for Re<2-104 (15)
= -
< 601 [ =—+— Nusselt number The comparison of the experimental and es-
50 . i timated values of the Nusselt number and fric-
a0 | Dittus-Boslier equation — tjon factor as a function of the Reynolds number
—a— Nusgselt number . . .
a0 ‘ Gnielinski equation is shown in figs. 5 and 6, respectively. The aver-
2000 20000 age deviation of the experimental values of the
Reynolds numter Nusselt number is 8% from the values predicted
Figure 5. Nusselt number vs. Reynolds number b}’ cq. (13) and 2% by eq. (14) and average de-
for smooth tube viation of the experimental values of the mea-
on. _ - sured friction factor is 12% from the values pre-
= —+— Friction factor dicted by eq. (15). Thus reasonable good
AR ! experimental
S \ Erdtion fastor agreement between the two sets of values en-
5 0107 roady diagram sures the accuracy of the data being collected
Booo ] ? et with the experimental set-up.
£ cog- .
£ Grooved pipe results
0.07
0,06 | The variation of Nusselt number with
2000 20000 Reynolds number for plain tube and grooved
Reynolcs rumber—— tybes is shown in fig. 7. By referring the figure
Figure 6. Verification (b) friction factor one can observe that as Reynolds number in-

vs. Reynolds number for the smooth tube creases, Nusselt number increases. The overall
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results show that in all setups, the Nusselt num-
bers were higher than those obtained for plain
tube. The figure shows that highest Nusselt
numbers were obtained in a trapezoidal grooved
tube and lowest Nusselt numbers for square
grooved tube among the grooved tubes. As seen
from fig. 7 heat transfer is quit close to each
other for circular and trapezoidal grooves
(Nusselt number values are closes to each
other). It is observed that more increase in the
heat transfer augmentation for grooved tubes
due to flow mixing and disturbance than that of

140
o —=— Circular
212
= i —=— Square
c —— Trapezaidal
100
#
3
< 80

60 |

2000 20000

Reynolds number

Figure 7. Nusselt number vs. Reynolds number
for various grooved tubes

plain tube. It can be said that thermal boundary layers for grooved flow became thinner than the
case of plain tube and secondary vortices inside the grooves contributed to the enhancement of

the heat transfer.

The measured friction factors for the grooved tubes significantly are higher than that
obtained for the plain tube. For all the arrangements, it is found that the friction factor values
were higher at lower Reynolds number. Also, the measured friction factors of the trapezoidal

grooved tube and circular grooved tube nearly
same values for all the constant heat flux obser-
vations. But, the square grooved tube friction
factor is minimum, when compared with
grooved tubes. For the plain and grooved tubes,
the variation of the measured values of friction
factor with Reynolds numbers is shown in fig.
8. It shows that the friction factor decreases
with increase of Reynolds number. By using
grooved tubes the maximum friction factor
were obtained up to 73% for circular grooved
tube, 50% for square grooved tube, and 78% for
trapezoidal grooved tube more than plain tube.
Bilen et al. [3] the circular and trapezoidal
grooves can reduce the occurrence of the flow
re-circulation providing more surface sweep,
therefore negative effect of the re-circulation
region on the heat transfer can be decreased by
avoiding.

The effectiveness of heat transfer augmenta-
tion for grooved tubes to that of plain tube was
compared in fig. 9. It is seen that for the entire
grooved tube cases heat transfer ratio increased
in comparison with the plain tube. Among the
grooved tubes, effectiveness of circular and
trapezoidal grooved tube is nearly same for
most of the observations when compared with
square grooved tube. The HTE was obtained up
to 52%, 32%, and 54% for circular, square, and

0.18 ,
5 —— Plain
g 014 —e— Circular |
s —=— Square
=] .
g 012 —a— Trapezcidal |
i

010

.08

0.06 L1 1111 L 11

2000 20000
Reynolds number

Figure 8. Friction factor vs. Reynolds number
for various grooved tubes sharp vertical corner
of the groove; for the square grooved tube, less
increase in heat transfer can be explained by the
occurrence of the flow re-circulation region
inside the groove

_16 :
(=) i
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L2}
(2]
% 1.3 -ﬂ
=
E 194 [
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Figure 9. Nu/Nu, vs. reynolds number for
various grooved tubes
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trapezoidal grooved tubes, respectively. Bilen et al. [3] experimentally investigated the heat
transfer characteristics with number of grooves same for circular and rectangular grooves, less
number of grooves for trapezoidal grooved tube and air is used as working fluid. Promvonge
[15] used a coiled wire for the experiment and provides considerable heat transfer augmenta-
tions; Nu/Nu, = 1.8-2.6. His another experiment, used coiled wires with snail entry causes a
high pressure drop and also provides considerable heat transfer augmentations; Nu/Nu, =
3.4-3.9. The literature explains that the effectiveness decreases with the increase of Reynolds
numbers.
The thermal hydraulic performances of
e grooved tubes are shown in fig. 10. It shows that
e Square the present grooved tubes prov1dq higher heat
transfer performance than the plain tube. The
trapezoidal grooved tube consistently possesses
the higher thermal performance than those of
.“'\_ circular and square grooved tubes. Further, a
close inspection reveals that thermal perfor-
_ _ mance both trapezoidal grooved tube and circu-
20000 lar grooved tube having slight variation. The
Reynolds number e rformance increases is due to only the fluid
mixing because of having same number of
grooves and pitch. The thermal hydraulic per-
formance in terms of 7 is illustrated in fig. 10.
These types of plots may be helpful to choose
the working range so as to provide 7 > 1. The working conditions should satisfy 7 > 1. It is seen
from the figures that thermal hydraulic performance tends to decrease as Reynolds number in-
creases for all cases. As can be seen in the figures that heat transfer performance is greater than
unity (17 > 1) for all the present grooves.

As indicated in the present work pitch, length, depth, and number of grooves of all the
grooved tubes (circular, square and trapezoidal) are same and water is used for working fluid.
Bilen et al. [3] experimentally investigated the heat transfer characteristics with number of
grooves same for circular and rectangular grooves, less number of grooves for trapezoidal
grooved tube and air is used as working fluid.

ury
(]

“
=

ry
(4%

-
N

Thermal hydraulic perfarmance

-y
N'_L
[ 300
[l
<

Figure 10. The performance ratio vs. Reynolds
number for various grooved tubes

Correlations of Nusselt number and friction factor

Using the data obtained from experiment, the average Nusselt numbers and friction
factors for both plain and grooved tubes were correlated as a function of Reynolds number. The
correlations proposed for Nusselt number and friction factor for plain and grooved tube are:

Nu =3.72 Re 0416 Py -0.431 (16)
f =1152Re 027 (17)
Nu =952 Re 0291 pr-1.41 (18)
f =1009 Re 0222 (19)

For square grooved tubes:

Nu = 79.43 Re 0282 Py 135 (20)
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f =1014Re 0252 (21)
For trapezoidal grooved tubes:
Nu =0287Re %497 Pr0.848 (22)
f =1015Re 022 (23)

The mean deviations of the predicted Nusselt number for plain, circular, square, and trape-
zoidal grooved tubes are 1%; and the corresponding maximum deviations are 9%, 2%, 5%, and 9%,
respectively. The mean deviations of the predicted friction factor for the grooved tubes 1%, 1.07%,
and 1%; and the corresponding maximum deviations are 5%, 3%, and 4%, respectively.

The predicted value of Nusselt number by egs. (16), (18), (20), and (22) for plain, cir-
cular, square, and trapezoidal grooved tubes compared with experimental values are shown in
fig. 11. The predicted value of friction factor by egs. (17), (19), (21), and (23) for plain, circular,
square, and trapezoidal grooved tubes compared with experimental values are shown in fig. 12.

0.17

- 150 .

14 —+— Plain 1 ot
.g 138 —'—gircular // *(é 015
B —=— Square I | A
2120 |-{ —~— Trapezoidal ! r"’ i 5013
8 ];8 | | ' £ 0.11 r_;"
2 9% & 0.09 'j/" —— Plain
E 80 g —=— Circular
g 70 *o.07 —=— Square
= 80 p q | ¥ —u— Trapezoidal

60 70 80 90 100 110 120 130 140 0.05 T
Nusselt number-experiment| 0.05 01 0.15 0.2

Friction factor-experimental

Figure 11. Comparison between predicted and
experimental data for Nusselt number for plain
and grooved tubes

Figure 12. Comparison between predicted and
experimental data for friction factor number for
plain and grooved tubes

Conclusions

The effects of various grooved tubes on the heat transfer and friction characteristics
were experimentally investigated for turbulent flow. The thermal performances were used to
evaluate the effectiveness of the grooved tubes. The results of the present work can be summa-
rized.

e The heat transfer rate increases with increasing Reynolds number for all the grooves due to
thinner of boundary layer.

e The variation of friction factors for all grooved tubes tends to be closer to each other in the
considered range of Reynolds number and it is seen that friction factor is almost independent
of Reynolds number.

e The comparison between plain and grooved tubes results show that the heat transfer
augmentation is due to only fluid mixing and disturbances that occur in grooved tubes.

e Nusselt number and friction factor for each grooved tube and plain tube were correlated as a
function of Reynolds number for both laminar and turbulent flow.

e The maximum thermal hydraulic performance for circular, square, and trapezoidal grooved
tubes are 47%, 31%, and 52%, respectively in the case of laminar flow.

e For turbulent flow the grooved tubes, maximum performance is obtained up to 38% for
circular grooved tube, 27% for square grooved tube, and 40% for trapezoidal grooved tube in
comparison with plain tube.
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That the flow disturbances and higher intensity turbulence of the water close to the tube wall

can be one of the reasons that highest performance obtained by trapezoidal grooved tube.

Nomenclature

A — heat transfer surface area, [m’] Re — Reynolds number (=VD/v)

(08 — specific heat capacity, [kikg 'K™'] T — temperature, [K]

D — inner diameter of test tube, [m] V — mean velocity at the inlet of the tube, [ms™']

f — friction factor Greek symbols

h — convective heat transfer coefficient,

[Wm2k™] n — thermal hydraulic performance

k — thermal conductivity of water, [Wm™'k™'] v — kinematics viscosity, [m’s™]

L — length of test tube, [m] o) — density of water, [kgm ]

m — mass flow rate of water, [kgs'] Subscrits

Nu - Nusselt number (=h D/k) P

Pr — Prandt]l number (= C,/K) b — mean

AP — pressure difference, [Nm™] i — inlet

Qoss  — loss of heat transfer o — outlet

Gnet — net heat transfer w — local wall

gw  — electrical power input 0 — plain tube
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