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Abstract

Heat transfer coefficient and pressure drop for water flow inside circumferential
ribbed tubes with different rib dimensions have been determined experimentally. The data
of ribbed tubes were compared with that of a plain tube. The experimental test section isa
horizontal counter flow concentric tube heat exchanger with circumferentially ribbed inner
tube. The ribbed tubes tested in this investigation have the ranges: circumferential depth
from 0.5 to 1.5 mm and axial pitch distance from 5 to 15 mm. Water was used as the
working fluid, where hot water flows in the inner tube and cold water flows in the annulus.
The test runs are done at water flow rates ranging between 0.1 and 1.0 m*h. Theinlet cold
and hot water temperatures are between 20 and 30 °C and between 40 and 60 °C,
respectively. Comparison of experimental data of circumferentially ribbed tubes with
smooth tube have shown that the heat transfer coefficient and pressure drop, quantified by
means of Nusselt number and friction factor, are around 1.92 to 5.61 and 1.25 to 3.41 times
higher than smooth tube depending on the circumferential geometric parameters and mass
velocity of the working fluid. New correlations based on the data gathered during this work
for predicting Nusselt number and friction factor for the circumferential ribbed tube heat
exchanger have been proposed. The proposed correlations can predict the experimental
data with average relative error of +6% for Nusselt number and + 5% for friction factor.
Keywords: Circumferentially ribbed tube; double pipe; Heat exchanger.

e S alde ¥ 7 92 ja A8 (g s Jabad Sl g g gl ad £ 19Y)

Gt (it i (i ) 5 0.8
Lol dnaln ¢ daigl 48 ¢ 4y gloasl) Lusig] acid
Nawras Shareef @yahoo.com

-

dadAl

&b ey e Sy daldaall coulil) Ji pladf (guit biall gt g 50 jad) JUELS Jalza cilaa
S il LAY ahia o) aclilf qpui¥l daldl) Al ga g lia o datiaal) cuouli) ciliby Loy s ddtida
ol e Jldy alde AR gl ge bl (asladey igsd¥) S pale B gl a Jibe o2 ke

183


mailto:Nawras_Shareef@yahoo.com
mailto:Nawras_Shareef@yahoo.com

Journal of Engineering and Development, Vol. 18, No.3, May 2014, ISSN 1813- 7822

o gusaa magala 15 A 05 (o e gl G 40V Cilaall Lol Ciadll Jib S Lo LIS aF Y delaal)
syl Bl plall (58u% g ARIA gl Al plad) (380l Cus (Jebdd ailaS pladf Jaxinl ale 15 A5
Lk sladl 50 a At Ael®a 1,0 50,1 Co g9l pla (3805 il el a) ad L pilall cladll o) Al
Sy dabaal) ol a2l cilibpl) 4 lie g3l Ao a° 60 J 405 30 o 20 cw g9l ALy
alaay clad ) Ao g LiaS Citdn il bogu g 5l ad) JUED) Jalra ol il gi aclill i) ga aiaa
el plall Jld o Sasine aslll qigad¥) (a0 600 3,41 (A 1,25 55,61 (A1 1,92 s iy
Joadl 138 B lgran ai AN clibud) Ao Salice s bl dolee o/ 80 ai | Jddidll ailad 4 pti<l de gl g
e Aa el Ll Y) dilaa o) raa JSdo aliaa gl 93 gl a Jobad ASaY) Jaleay cild ad ) cilawat

ISiaY) Jaleal Locilly O Bet g Cabea ad o Lacailly Oy 6+ pmend Ui Jtray Lug padl] Slilulf craad ) (fSaall
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Meaning

A
C1,C

©

bscript

Areafor heat transfer
Constants

Specific heat of working fluid
Hydraulic pipe diameter
Fiction factor

Correction factor for heat transfer rate

individual heat transfer coefficient
Thermal conductivity of material
Length of tube

Mass flow rate

Nusselt number

Pitch axial distance

Pressure

Prendtl number of working fluid
Thermal resistance

Reynolds number of working fluid
Average heat transfer rate

Absolute temperature

Overal heat transfer coefficient
Linear velocity of working fluid
Pitch depth

Mass density of working fluid
M eaning

__.:y—hog)b><<c—|,@a(;9;up1j'c§
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Cold water
Fouling
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Logarithmic mean temperature difference
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Introduction

Heat exchangers are equipments that are commonly used to transfer heat between two
fluids at different temperatures. They are essential components in engineering systems,
ranging from the heavy industries, such as chemical, automotive, power or metalurgy,
through the high technique ones such as electronics, to production of every day consumers
goods like air conditioning systems, refrigeration, etc. The most popular are those of
recuperative type. The fluids are physically separated by heat transfer surface and the heat is
transferred from hot to cold agent ™.

Over the last few years, considerabl e research efforts have been made to improve the heat
transfer performance of heat exchangers. The goa of heat transfer improvement is to reduce
the size and the cost of heat exchanger equipment, or to increase the heat duty for a given size
heat exchanger. The way to improve hesat transfer performance is referred to as heat transfer
enhancement or augmentation or intensification. Bergles classified the mechanisms of
enhancing heat transfer as active or passive methods 21 Active enhancement is less common
because it is costly and complex. It requires the addition of external power to cause a desired
flow modification. On the other hand, passive enhancement consists of ateration to the heat
transfer surface or incorporation of a device whose presence results in a flow field
modification. It is relatively easy to manufacture, cost-effective for many applications. The
most common passive heat transfer enhancement techniques nowadays is the use of tubes
with ribs because of their superior heat transfer performance ¥,

It is commonly understood that the ribs enhances heat transfer but at the same time
increases the pressure drop as well. For the laminar flow, several researchers concluded that
the heat transfer and pressure drop were not greatly affected by enhanced tubes. While, there
IS an agreement in researchers conclusions about the heat transfer coefficient and pressure
drop increasing for turbulent flow in enhanced tubes .

Li et al. explained the hesat transfer mechanism by visualizing the flow in helicaly finned
tubes. They indicated that bubbles follow in a parabolic pattern in laminar flow, and this
pattern breaks down because of random separation of vortices in the turbulent regime ©.
Fahed et al. showed that the heat transfer and pressure drop in micro fin tubes were just
dlightly higher than in plain tubes and they recommended that micro fin tubes not be used for
laminar flow conditions ™, Dong et a. examined four helically corrugated tubes in terms of
pressure drop and heat transfer coefficient. They concluded that the heat transfer coefficient in
turbulent flow regime did not increase not as much as in the friction factor I”. The work of
Jensen and Vlakancic indicated that the micro-fins increase heat transfer ranging from 20 to
220% in turbulent flow region, but there was a penalty due to the increment of friction factor
ranging from 40 to 140% ®. Zdaniuk et al. studied the heat transfer coefficient and the
friction factor by using water as a working fluid for eight helically finned tubes and a smooth
tube. They evaluated the performance of the predicted correlations with data of other
researchers and found average prediction errors between 30% and 40% 1 Liu and Jensen
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numerically modeled periodically fully developed single phase turbulent flow and heat
transfer in two helically finned tubes %,

From the above survey, it could be seen that there is no agreement exists between the
works of the different authors because of the limiting experimental data. Therefore, more in-
depth studies are necessary. In the present study, the main concern is to provide experimental
data in the practical form to quantitatively define the effect of rib depth and rib axil pitch
distance on the behavior of the concentric tube heat exchanger with circumferentially ribbed
inner tube. Also, this investigation searches to report correlations that account for the effects
of the enhancement dimensions on heat transfer coefficient and pressure drop on
circumferentialy ribbed tube heat exchanger, quantified by Nusselt number and friction
factor, respectively.

Experimental Work

The heat transfer and pressure drop experimental data used in this study were obtained
from the experimental apparatus shown schematically and photographically in Figures (1 and
2) respectively. The test runs were conducted at Al Qadissyah University, college of
engineering. The facility mainly consisted of: a concentric tube heat exchanger, temperature
controlled water tanks, set of mercury thermometers, U tube manometer, centrifugal water
pumps (Begemann, MGH 3500) and variable area flow meters (Liquatec, PMF 0505).
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Fig .(1) Schematic diagram of the experimental apparatus.
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Fig .(2) Photographic picture of the experimental apparatus.

The test section is a horizontal counter flow circumferentially ribbed tube heat
exchanger, which consists of a circular shell and circumferentially ribbed tube. The
circumferentially ribbed tube presented an internal circumferential ridging corresponding to
an external circumferential grooving. The circumferentially ribs are fabricated by cold rolling
a smooth edged wheel on the outer surface of the copper tube as shown photographically with
nomenclature to describe the geometry in Figure (3). The inner tube (circumferentially ribbed
tube) was made from industrial copper with inner diameter of 14.9 mm while the annulus
(smooth tube) was made from galvanized steel with inner diameter of 25.1 mm. The copper
tube was soldered into the galvanized steel connectors at both ends. The test section with its
effective length of 2000 mm was well insulated by a glass wool with thickness of 5 cm to
minimize heat losses to surroundings. The test section and the connections of the piping
system are designed such that parts can be changed or repaired easily as possible. Four
mercury thermometers were installed at the inlets and outlets of the test section, in which heat
was transferred from the hot water flowing inside the test tube to the cold water flowing in the
annulus, to monitor the temperatures at the positions. The pressure drop of the test section has
been measured by a differential U tube manometer connected to the pressure taps located at
the inlet and outlet of the circumferentially ribbed tube. At the entrances of the concentric
tube heat exchanger, two rotameters were placed for measuring the flow rates of cold and hot
water.

First of all, the apparatus and specialy the test section assembly were leaked checked.

Theinlet hot and cold water temperatures were adjusted to the desired level by using electric
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heaters controlled by thermostats. After that, the hot and cold water are pumped out of the
storage tanks and are passed through flow meters, test section and returned to the storage
tanks. The flow rate of the hot and cold water were measured by a pre-calibrated rotameters
with a range up to 2.5m%h. The system was allowed to approach the steady state before any
data were recorded. The steady state condition was reached when the temperatures and flow
rates at all measuring points were no longer fluctuating.
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Fig .(3) Photographic picture of the fabrication for the circumferentially ribbed
tubes.

The uncertainties of the measurements of the pressure difference, flow rate and
temperature were within +0.07kPa, +0.005mh and 0.5K, respectively. Furthermore, due to
the low therma conductivity of soft solder and connectors, the heat leak through the end
points was estimated to be less than 2% of the total heat transferred.

Mathematical Work

The performance of enhanced tubes were determined in terms of heat transfer
enhancement and pressure drop penalty, quantified by means of the Nusselt number and
friction factor values, respectively. The calculations were presented on hydraulic diameter
approach basis sinceit is effective for correlating enhanced tubes relations ™.

According to the experimental results, the heat supplied by the hot water is found to be 5
to 10% higher than the heat absorbed by the cold water at thermal equilibrium due to
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convection heat loss from the test section to surroundings. This heat loss through the heat
exchanger insulation analyticaly obtained from water and ambient temperatures.
Furthermore, 2% of the total heat transferred was added due to heat leak through the end
points of the heat exchanger. So, the average heat transfer rate in the test section used for
further analysis is determined from the hot water side and cold water side as indicated in
equation (1) 2

é = %[{meh (Th,i - Tho )} + {mccpc (Tc,o - Tg )} + (él ] """" L)

For fluids flows in a concentric tube heat exchanger, the overall heat transfer coefficient
can be determined from the equation (2) with a correction factor, F equal to 1 for this case.
Furthermore, the bulk fluid temperatures were assumed to increase linearly from the inlet to
the outlet.

d=uADT, . (F) L @)

In the experiments, the tube wall temperature was not measured directly. Therefore, the
inside heat transfer coefficient required a more complex approach because information about
heat transfer in the annulus had to be obtained first. The heat transfer in the double pipe,
counter flow heat exchanger is governed by the total thermal resistance equation as indicated
in equation (3). The axial conduction was assumed negligible since Re-Pr > 4200 in all cases,
but periphera and radial conduction of heat transfer in the tube wall were included [12],

1 _ 1  In(dy/d), 1 iR
Ui/oA/o hA ZpkL hopb

The resistance due to fouling, Rr was neglected in further analysis since new tubes were
always used through the work. The inside heat transfer coefficient was obtained by means of
Wilson method 3. The theory states that; if the flow of the heating fluid was modified, then
the change in the overall thermal resistance would be mainly due to the variation of the inside
heat transfer coefficient, while the remaining thermal resistances can assumed constant.
Therefore, the thermal resistances outside of the tube and the tube wall could be represented
as shown in equation (4):

In(do/di)+ 1 =C, (4)
pkL  hA
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Furthermore, the inside heat transfer coefficient is assumed to be represented by Dittus —
Boelter equation of the form shown in equation (5) [

“% =C,Re’Pr>* )

The 0.3 exponential coefficient was chosen because the water in the pipe was being
cooled. Upon combining Equations (3), (4) and (5), the overall heat transfer coefficient turns
out to be a linear function of 1/Re” with intercept and slope equal to C; and di/CoAkPro3
respectively, asillustrated in equation (6):

1 C 4+ d 1

= ! e — (6)
UoAo  CAkPr® Re

The friction factor for the tube with circumferentially ribs can be calculated from the
experimental results of pressure drop inside tubes by Darcy - Weisbach equation of the form
shown in equation (7) *:

_ 2d|DA

f
rvaL

Results and discussion

To check that the experimental setup can be used for single phase heat transfer and
pressure drop data of circumferentially ribbed tubes, experiments for plain tube were
conducted first. Plain tube results have been compared with Dittus-Boelter and Blasius
equations and shown in Figure (4). The figure implies that the maximum percent difference
between the data and the correlations were below 6% for Nusselt numbers and 8% for friction
factors. The figure shows that the tube side Nusselt numbers considerably increases with
increasing Reynolds number. Turbulent flow in a tube exhibits a low velocity flow region
immediately adjacent to the wall, known as the laminar sub layer, with velocity approaching
zero a the wall. Most of the thermal resistance occurs in this low velocity region. The
improvement of heat transfer with increasing Reynolds number is responsible by a decrease
of thermal boundary layer thickness due to the promoted turbulent intensity. But, in the same
time, this turbulence augmentation has a great effect on pressure drop due to its action on wall
shear stress. Therefore, the friction factors considerably decrease with increasing Reynolds
number.
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Figure (5 and 6) indicate that for ribbed tubes, the Nusselt number increase and friction
factor decrease with increasing Reynolds number in a manner similar to that for plain tube but
with higher ranges of values. This is because that the presence of circumferentialy ribs
possibly promotes the dispersion and random movement of the particles, resulting in a better
mixing between the core fluid and the tube wall one. In addition, limiting the growth of fluid
boundary layer close to the heat transfer surface because periodic disruption of the layer due
to repeated changes in the geometry-existence of cross flow. Furthermore, circumferentially
ribbed tube provides large contact surfaces between fluid and wall and thus heat transfer area.
But the presence of circumferentially ribs causes more inner surface area which causes more
wall shear stress, so more drag forces exerted. Therefore tubes with circumferentially ribs
show higher friction factors. Furthermore, this increase in drag forcesis of special form, since
it represents the area of stronger collision of fluid streams directed by ribs surface due to flow
blockage and area reduction.

By comparing Figures (5 and 6), it could be concluded that the increasing in Nusselt
numbers due to decreasing in pitch distance much higher than increasing in pitch depth.
Furthermore, the increasing in friction factors due to decreasing in pitch distance much lower
than increasing in pitch depth. Therefore, it could be concluded that the decreasing in pitch
distance is more efficient than increasing in pitch depth for heat transfer as positive effect and
pressure drop as negative effect in circumferentially ribbed tubes.
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Fig.(4.a) , Nusselt number versus Fig.(4.b), Friction factor versus
Reynolds number for plain tube Reynolds number for plain tube
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Based on the present experimental data, the tube side heat transfer coefficient and pressure
drop are proposed in terms of Nusselt number and friction factor and correlated by power-law
approach. The correlations were yielded by utilizing least-squares regression approach and
they are of the forms shown in equations (8 and 9):

.85

..041 ..-0
Nu = 0.692Re”™ pr-02@X 0 EP0

: 2 8)
edg édg
..0.89 .-037
f=1el8Re¥E&2 O 9)
edg édg

Comparisons between the Nusselt numbers and friction factors obtained from the present
experiments with those calculated from the proposed correlations are shown in Figure 7. It
can be clearly noted from the figure that more than 95% of the values obtained from the
correlations are consistent with the experimental data and lie within £ 6% for Nusselt
numbers and + 5% for friction factors.
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Fig. (7.a) Experimental versus Fig .(7.b) Experimental versus
predicted Nusselt number with error predicted friction factor with error
indications for all data points obtained indications for all data points obtained
in this work in this work

Figures (8 and 9) show Nusselt numbers and friction factors ratios (the ratio represents
the value for the circumferentialy ribbed tubes to that for smooth tube) as a function of
Reynolds number.
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The figures show that the utilization of circumferentially ribbed tube, Nusselt numbers
increase from 92 to 461% and friction factor increase from 25 to 241% compared to those
obtained in smooth tube depending on ribs geometry and operating conditions. Therefore, it
can be stated that for the range investigated, the benefits from the heat transfer improvement
as a positive effect over that from the increase of friction loss as a negative effect. This
outcome becomes obvious at low Reynolds numbers.

Conclusions

For circumferentially ribbed tubes, the Nusselt number increase and friction factor
decrease with increasing Reynolds number in a manner similar to that for smooth tube but
with higher ranges of values

The decreasing in pitch distance is more efficient than increasing in pitch depth for heat
transfer as positive effect and pressure drop as negative effect in circumferentialy ribbed
tubes.

New correlations of Nusselt number and friction factor for circumferentially ribbed tubes
have been proposed. The good agreement between experimental and analytical results
validates the capacity of the proposed expressions to predict the behavior of the
circumferentially ribbed tubes for practical applications.

For circumferentially ribbed tube, Nusselt numbers increase from 92 to 461% and friction
factor increase from 25 to 241% compared to those obtained in smooth tube depending on
ribs geometry and operating conditions.
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