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Abstract – The Pivotal focus on fluid and thermal equipment performance have remained to directly lower 
energy cost by utilizing varieties of surface structures including extended surfaces, treated surfaces, and 
rough surfaces. This has necessitated the resurgence of surfaces with dimples and protrusions for an 
enhanced system efficiency in electronic components, gas turbine blade cooling, vortex creation on air foil 
structures, combustion chambers, printed circuit boards, microfluidic passageways, and heat exchangers 
features. In this study, the performance characteristics, heat transfer enhancement (Nu/Nuo), friction factor 
ratio (f/fo), and overall thermal performance (OTP) of two test channels with distinct surface structures. 
The performance parameters were evaluated using experimental rigs, one with continuous spiral rib channel 
and the other one with discontinuous spiral rib channel. Thereafter, the results from both test channels were 
compared to a smooth surface channel. Comparing the performance characteristics, Nu/Nuo, f/fo, and OTP 
of the discontinuous spiral rib and continuous spiral rib were 31.5%, 91.3%, 4.4% and 81.9%, 113.6%, 
38.4% higher than the smooth surface spiral rib channel. Finally, the study shows that the continuous spiral 
rib channel gave a lower pressure loss, and was established to possess higher heat transfer coefficient and 
overall thermal performance than the discontinuous spiral rib channel. 
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I. INTRODUCTION 

This Heat exchangers are used in a variety of 
operations, including heat conversion, usage, and 
recovery in industrial, residential and commercial 
environments. Steam generation, cooling in thermal 
processing of agricultural and pharmaceuticals 
items, cogeneration in plants, water heating 
recovery and fluid heating in manufacturing 
amongst others are common examples where heat 
exchangers are used [1]. The increase of the 
performance of heat exchangers can lead to more 
cost-effective design, resulting in material, energy 
and cost savings in the heat transfer process. The 
necessity to improve the thermal efficiency of heat 

exchangers in order to save energy, material, and 
money has led to the creation and application of a 
variety of heat transfer augmentation techniques [2]. 
Heat transfer enhancement is another name for these 
approaches. The conventional ways of improving 
the thermal performance and heat transfer rate are 
the active methods which requires the use of 
external power sources, for example, fluid vibration, 
mechanical aids, fluid suction and injection, among 
others and passive methods such as the use of 
extended surfaces/rough surfaces/turbulators [3]. 
However, recent researches have been focused on 
the passive method of heat transfer due to ease of 
maintenance, low cost, and manufacture. In recent 
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decades, the use of passive heat transfer 
enhancement methods characterized by the use of 
turbulators such as rib, groove/dimple, baffles, 
conical ring/nozzle, twisted tape, winglet, wing, 
among others have rapidly been developed [4]. 

In the work of [5] it is clear that grooves are 
very efficient in heat transfer, [6] also carried out an 
experiment concerning inclined ribs and it was 
discovered that slanted ribs creates a counter-
turning stream in the duct which is responsible for 
the high Nusselt number, [7] research proved to be 
very useful in the design of highly thermal efficient 
heat exchangers, [8] carried out a numerical analysis 
of the heat transfer in a microchannel heat sink by 
using augmented rectangular ribs as turbulators, the 
result was that using hybrid methods significantly 
increased the efficiency of the heat sink. Heat 
transfer analysis was also carried out on arc shaped 
solar air heater by [9], and it was discovered that the 
thermal efficiency of the solar heater increases as 
the temperature difference decreases. [10] carried 
out a numerical study on the effect of friction factor 
on heat transfer and it was discovered that as the step 
and height ratio increases, friction factor decreases. 
An experimental research was carried out by [11] on 
the effect of rib size on heat transfer in a triangular 
duct and it was discovered that the Nusselt number 
tends to increase as the number of ribs and rib parts 
increases. [12] carried out an experiment involving 
heat transfer in rectangular ducts with ribs placed in 
rows and columns, it was discovered that the row-
column arrangement of the ribs has a better heat 
transfer uniformity but the thermal uniformity and 
heat enhancement of the duct decreases. Recently, 
research and experiments have also been carried out 
on heat transfer using nanofluids, [13] critically 
reviewed experiments concerning nanofluids and 
concluded that the heat transfer performance 
increases as the heat flux increases but that the use 
of nanoparticles still needs further investigation. 

Different shaped v-pattern baffles were also 
used as turbulators in a research carried out on heat 
transfer in a solar air channel [14], it was discovered 
that discretized broken v-shaped baffles has the 
highest thermal hydraulic performance when 
compared with other forms of baffles such as 
Rectangular cut baffle, U-shaped baffle, V-shaped 
baffle, Z-shaped baffle, Staggered diamond baffle 
and Inclined perforated baffle. Multi V-shaped 
perforated baffle were solely used in an experiment 
on the study of the heat transfer in rectangular ducts 

[15] and it was concluded that the perforation in the 
multi V-shaped baffles helped to enhance friction 
factor and heat transfer of a rectangular ducts. A 
comparative study was also carried out [16] on the 
effect of different turbulator arrangements on the 
hydraulic performance in an air passage and it was 
discovered that the use of different types of 
turbulators on a heated surface is a very good way 
to increase heat transfer and that V-shaped 
perforated blockages are better heat transfer 
compared to other blockage shapes. In the same year 
a review was also carried out on the effect of 
nanofluids on heat transfer [17] and it was 
concluded that metal nanoparticles are very high 
thermal conductor compared to ordinary fluids and 
that the use of copper-water as a nanofluid is more 
lucrative when compared to the use of alumina-
water. [18] also compared the numerical and 
experimental results of using baffles on the effect of 
heat transfer in a rectangular duct, the result was an 
increase in thermal efficiency. A critical review was 
carried out on the effect of using triangular dimples 
on heat transfer with  ducts and it was observed that 
triangular shaped dimples have a higher heat 
transfer efficiency, also triangular shaped dimples is 
better when used as turbulators as compared to using 
cylindrical dimples. [4] carried out an experiment on 
heat transfer in solar receiver combining chamfer-v-
grooves (CVG) and punched-v-ribs (PVR), it was 
concluded that heat transfer was at its highest heat 
transfer when CVG and PVR were combined 
together as opposed to being used separately. 

In the quest of trying to increase heat transfer 
and thermal efficiency, [19] used punctured 
winglets as a turbulator in a rectangular duct to 
measure the heat transferred, the result was that 
punctured winglets is a very good device to increase 
the thermal performance of an heat exchanger. [20] 
also studied the effect of triangular rib groove 
geometry on heat transfer and the result shows that 
the triangular rib-groove geometry has a better heat 
transfer efficiency as compared with heated plates 
without the triangular rib-groove arrangement. [21] 
studied the heat transfer in a two-pass channel with 
cylindrical dimples and v-shaped ribs, it was 
concluded that heat transfer was higher in the V-
compound two-pass channel as compared with the 
v-rib and also thermal hydraulic performance was 
highest in the compound channel. In the following 
year, [22] also carried out both numerical and 
experimental investigation of fluid flow and heat 
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transfer in a square duct, the result shows that the 
friction factor of the staggered arrangement was 
higher than that of the inline arrangement, the result 
also shows that the thermal performance of both 
configurations were similar to one another for 
Reynolds number between 30000 to 60000. 
Furthermore, [23] which concluded in their 
experiment that hybrid ribs has a better heat transfer 
efficiency as compared to rectangular and 
semicircular ribs, [10] also concluded in their 
experiment that the combination of ribs and grooves 
has a very high thermal efficiency as compared to 
any other combination 

After careful and in-depth reviews, it can be 
inferred that heat transfer efficiency can further be 
improved by the combination of different 
configurations. Therefore, this study will focus on 
the effect of hybrid roughened ribs and grooves on 
the effect on heat transfer efficiency. 

 

II. MATERIALS AND METHOD 

This study employs different rib shape 
(continuous and discontinuous spiral arrangements). 
The creation and utilization of an experimental set-
up to compare three (3) test channels with variable 
surface geometry. This rig's distinctive feature is 
that it can test as many test channels as possible.  
Figures 1, 2 and 3 depict the experimental setup's, 
its instrumentation and schematics as. This 
apparatus is flexible, allowing it to examine as many 
different types of duct surfaces as the test section 
may allow. A continuous spiral arrangement 
channel, a discontinuous spiral arrangement 
channel, and a plain-smooth surface channel are 
among the test samples. The thermal hydraulic 
performances of all of these are compared.  

 
Figure 1: Continuous Spiral Arrangement 

 
Figure 2: Discontinuous Spiral Arrangement 

 
Figure 3: Spiral Duct Arrangement 

.  
A. Setup, Procedure and Data Reduction 

A variable 10A blower, a variac, 1500W heating 
element, a digital temperature readout device, a pitot 
tube, and two digital manometers make up the entire 
arrangement. Figure 4 shows the experimental 
setup, which consists of a test section with a 50 mm 
inner square portion insulated by a 70 mm square 
section, both of which are 0.5m long. Fiberglass was 
employed as the insulating material, which was 
crushed into the pocket created by overlapping the 
two parts. Six ports with equal spacing make up the 
test portion. The first and last ports were utilized as 
differential pressure ports, while the middle four 
were employed to house thermocouples for sensing 
temperature across the channel's length. A flow 
straightener and a reducer make up the inlet 
construction. The flow straightener was made up of 
a honeycomb structure made up of patched straws. 

The temperature readout device was linked to five 
thermocouple probes (0.18% uncertainty) in order 
to measure four temperature points in the test area 
as well as the exit temperature. In this study, the 
length of the test section was shortened to 
accommodate ducts, and the duct length was also 
cut to no more than ten times its hydraulic diameter 
in order to maintain the growing flow regime within 
each of the ducts. 
 

 
Fig. 4. The schematic arrangement of the experimental rig 

(dimensions in mm) 
 

B. Experimental Procedure 

A 1500 W spring type electric heating element is 
looped around the test channel (plain, continuous, 
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and discontinuous spiral) and put into the fiberglass 
insulated test section to produce consistent heating. 
In the four ports of the test chamber, four Type-K 
thermocouples with an outer diameter of 0.5 mm 
were installed to measure the streamwise wall 
temperatures (T1, T2, T3, T4), as shown in Figure 
3.16. Two tubes were inserted at the test section's 
intake and exit and connected to a digital manometer 
that measures the differential pressure (Pinlet, 
Poutlet). Another digital manometer was used to 
measure the pressure of the blower (Pblower) when 
it was engaged by the variable alternating current 
transformer at different speeds (VARIAC). The 
spring-type heating element was attached to the DC 
supply, while the terminals of the blower's coil were 
connected to the variac, which was subsequently 
connected to the DC power supply. As the blower's 
speed was changed, wall temperatures, pressure 
drop, and blower pressure were measured. The 
thermocouples are placed roughly 100 meters 
downstream of the test channel's exit to measure the 
mixed-mean temperature of the outflow. 

 

Figure 5: Experimental setup showing points of 
measurements 

 

C. Data Reduction 

The gathered data was analyzed to identify the 
three channels' thermal-hydraulic properties. The 
amount of heat added to the fluid passing through 
the ducts is calculated. 

Q= ṁ 2 1( )pC T T                  1.                                                                             

The average heat transfer coefficient on each of the 

ducts' walls is derived using the following formula:                                                 

S LM

Q
h

A T



                   2.                                                                          

The averaged Nusselt number calculated from the 
heat transmission duct surfaces as; 
                                                                                             

hhD
Nu

k
                                        3.                                                   

 
where Dh is the duct's hydraulic channel diameter 
and k is is the fluid's thermal conductivity As a 
result, the log-mean temperature differential 
between the heating wall and the cool air flow, 
Tlm, is calculated [24]. 
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where Tw is the average temperature of the fluid-
state surface of the test section. The friction factor is 
obtained from the pressure drop across the duct as:   
    

1
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                                               5.                                     

The dynamic pressure acquired as a result of the 
difference between the stagnation pressure, pstag, 
and static pressure, ps readings from the duct 
intake was used to calculate the duct inlet velocity.      
                                                                                                                             

2( )stagP P
V


                                                  6.                                             

The Reynolds number, on the other hand, was 

obtained from 

Re
pVL

                                                    7.                                                               

The heat transfer characteristics and friction factor 
for fully developed flow in a smooth duct serve as 
the baseline for comparing the performance of the 
test surfaces, allowing for a more efficient 
evaluation of the dimpled channels' thermal 

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



performance, which can be represented by the 
Performance Evaluation Criteria (PEC), a universal 
heat transfer unit evaluation parameter  [25]. 

/

( / )o

oNu Nu
PEC

f f
                                                  8.                                     

where Nu/Nu0 is the normalized Nusselt number, 
which is the ratio of the spiral channel's Nusselt 
number to that of the smooth channel, and f/f0 is the 
friction factor ratio of the spiral channel to that of 
the smooth channel. 
 
 
D. Uncertaıntıes 

[26] provided the conventional uncertainty analysis 
used to quantify the uncertainties from the 
experiments. The uncertainty of a desired variable, 
R = f(xi), is estimated from uncertainties, xi, derived 
from a number of independent variables as follows: 

2

1

[ ( ) ]
n

i
ii

R
R x

x


  

   9.                                                                                               

While the uncertainty of a single measured value is 
estimated from bias error, Band precision error, 
and P of measurement, the uncertainty of a single 
measured value is computed from 

2 2
i i ix B P                                           10. 

III. RESULTS 

Nusselt number, Heat transfer enhancement, 

Friction factors, Friction factor ratio, and overall 

thermal performance of the test channel are 

presented in table 6, 7, 8, 9 and 10 thus: 

 

Figure 6: Average Nusselt numbers of the test channels 

 

Figure 7: Heat transfer enhancement of test channels 

 

Figure 8: Friction factors of the test channels 

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



 

Figure 9: Friction factor ratio of the test channels 

 

Figure 10: Overall thermal performance of test channel 

IV. DISCUSSION 

Figure 6 illustrated that the Reynolds number 
variation resulted in 29.2% and 74.4% higher 
Nusselt numbers for the discontinuous and 
continuous than the smooth channels. As shown in 
Figure 6, the Nusselt values for the continuous spiral 
channel range from 120 to 160, which is greater than 
the fully developed turbulent flow in a smooth 
channel. When compared to the channel with the 
continuous spiral arrangement, the channel with the 
discontinuous spiral arrangement has lower Nusselt 
values averaging 34.9%. As a result, of the three 
cases analyzed, the channel with the continuous 
spiral arrangement has the greatest Nusselt 
numbers. In Figure 7, the heat transfer enhancement 
(Nu/Nuo) of both the continuous spiral and 
discontinuous spiral appears to be 81.9% and 31.5% 
higher than the smooth test channel as Reynolds 
number is varied. The continuous spiral channel has 
higher Nu/Nuo of 18.3% than the discontinuous 
spiral channel. In general, the utilization of a new 
rib, as well as the comparison to a smooth surface, 
distinguishes this study. In Figure 8, the flow 
friction behavior for turbulent flow in test channels 

with Reynolds numbers ranging from 20,000 to 
40,000 was determined. The friction factors of the 
smooth channel were also evaluated for the same 
Reynolds number in order to confirm the pressure 
loss within the equipment during experimentation. 
Figures 8 and 9 show the friction factors (f/f) and 
friction factor ratio (f/fo) of the test channels and the 
smooth channel. The friction factor drops as the 
Reynolds number grows, whereas f/fo, as shown in 
Figure 9, increases gradually but maintains nearly 
constant values at Re= 30,000. Figures 8 and 9 
shows reasonable agreement with the literature, 
giving 91.7% and 91.3% as well as 160. 5% and 
113.6% higher f/f as well as f/fo in the discontinuous 
and the continuous channels, respectively. 
Furthermore, in Figure 10, the heat transfer 
performance of the test channels could only be 
analyzed after incorporating the penalty effects 
related to friction losses in order to fully evaluate the 
thermal performance of the channels. The Figure 
reveals that the continuous spiral arrangement has 
the greatest thermal Performance value, which is 
greater than the discontinuous spiral by 32.6%. 
While the discontinuous spiral has a little better 
thermal performance than the Smooth channel by 
4.4%. 
 

V. CONCLUSION 

Heat transmission, friction factor, and thermal 
enhancement factor of a smooth surface and ribbed 
surface (continuous and discontinuous spiral 
arrangement) system were investigated 
experimentally and compared at Reynolds number 
range of 20,000 to 40,000. 
The following conclusions are drawn.   

i. The continuous spiral rib arrangement was 
most effective in terms of heat transfer 
augmentation (81.8% and 18.33% more than 
the smooth and discontinuous 
configurations).  

ii. For the smooth rib arrangement, the increase 
in Nusselt number is substantially more than 
the increase in friction factor. 

iii. The continuous spiral rib arrangement 
channel was most effective in terms of the 
hydraulic performance i.e., relatively lower 
pressure loss compared to the smooth 
surface. 

iv. The continuous spiral rib arrangement 
channel has the highest overall thermal 
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performance factor than the case of the 
embossed-teardrop protruded channel. 

v. Results shows that the machined plate can 
compete with the special-made dimple if 
properly used in parts associated with 
essential need for swift heat transfer. 

. 

REFERENCES 
[1] F. Zhang, X. Wang, and J. Li. “Flow and heat transfer 

characteristics in rectangular channels using combination 
of convex-dimples with grooves,” Applied Thermal 
Engineering, vol. 113, pp. 926–936, Feb. 2017. 

[2] G. Shen, X. Wang, and A. Chan. “Experimental 
investigation of heat characteristics vertical multi-tube 
latent heat thermal energy storage system vertical multi-
tube latent heat thermal energy storage system Assessing 
the feasibility,” Energy Procedia, vol. 160, pp. 332–339, 
Feb.  2019. 

[3] S. S. M. Ajarostaghi, M. Zaboli, H. Javadi, and B. 
Bardenes. “A Review of Recent Passive Heat Transfer 
Enhancement Methods,” Energies, vol. 15, pp. 986-
1046, Jan. 2022. 

[4] P. Promvonge, and S. Skullong. “International Journal of 
Heat and Mass Transfer Heat transfer in solar receiver 
heat exchanger with combined punched-V-ribs and 
chamfer-V-grooves,” International Journal of Heat and 
Mass Transfer, vol. 143, pp. 118486 – 118501, Nov. 
2019a. 

[5] A. Afzal, M. Samee, A. R. R. A. Kaladgi, and H. Khan. 
“Optimum spacing between grooved tubes : An 
experimental study,” Journal of Mechanical Science and 
Technology, vol. 34, pp. 469-475, Jan. 2020. 

[6] Bharadwaj, G., Kumar, R. and A. Sharma. “Heat transfer 
augmentation and flow characteristics in ribbed 
triangular duct solar air heater: An experimental 
analysis,” Int. J. Green Energ., vol. 14, pp. 587-598, Apr. 
2017. 

[7] S. Bhattacharyya, H.B. Raghavendran, and A. Ranjan. 
“The effect of circular hole spring tape on the turbulent 
heat transfer and entropy analysis in a heat exchanger 
tube : an experimental study,” Experimental Heat 
Transfer, vol. 34, pp. 1-20, Jul. 2020. 

[8] I. Ali, N. Kamaruzaman, N. Azwadi, and C. Sidik. “Heat 
transfer augmentation in a microchannel heat sink with 
sinusoidal cavities and rectangular ribs,” International 
Journal of Heat and Mass Transfer, vol. 108, pp. 1969–
1981, May 2017. 

[9] H. Kumar, P. Kumar, and S. Chand. “Thermal 
performance and heat transfer analysis of arc shaped 
roughened solar air heater – An experimental study,” 
Solar Energy, vol. 199, pp. 173–182, Mar. 2020.  

[10] H. Hajabdollahi, M. Salarmofrad, S. Shamsi, and M. 
Rezaeian. “Numerical study of heat transfer and friction 
factor in a tube with groove and rib on the wall,” Heat 
Transfer, vol. 49, pp. 1214-1236, Jan. 2020. 

[11] ] H. H. Mohammed, W. A. Rasheed, N. A. Jabbar, and L. 
S. Alansari. “The Effect of Rib Size and Configuration 
Towards the Flow Direction of A Triangular Duct on 
Enhancing Heat Transfer Factors ( Part 1 : An 

Experimental Study),” Journal of Mech. Engineering 
Res. & Dev., vol. 43, pp. 406 – 421, Nov. 2020. 

[12] G. Jiang, J. Gao, X. Shi, F. Li, and L. Xu. “Reprint of : 
Flow and Heat Transfer Characteristics of the Mist / 
Steam Two-Phase Flow Cooling the Rectangular 
Channel,” International Journal of Heat and Mass 
Transfer, vol. 161: pp. 120236 – 120249, Nov. 2020 

[13] A. K. Hussein. “Experimental studies of flow boiling 
heat transfer by using nanofluids A critical recent 
review,” Journal of Thermal Analysis and Calorimetry, 
vol. 138, pp. 4019–4043, May 2019. 

[14] R. Kumar, A. Kumar, A. Sharma, and R. Chauhan. 
“Experimental study of heat transfer enhancement in a 
rectangular duct distributed by multi V ‑ perforated baffle 
of different relative baffle width,” Heat and Mass 
Transfer, vol. 53, pp. 1289 – 1304, Aug. 2016. 

[15] R. Kumar, R. Chauhan, M. Sethi, and A. Kumar. 
“Experimental study and correlation development for 
Nusselt number and friction factor for discretized broken 
V-pattern baffle solar air channel,” Experimental 
Thermal and Fluid Science, vol. 81, pp. 56 – 75, Feb., 
2017. 

[16] R. Kumar, A. Kumar, R. Chauhan, and R. Maithani. 
“Comparative study of effect of various blockage 
arrangements on thermal hydraulic performance in a 
roughened air passage,” Renewable and Sustainable 
Energy Reviews, vol. 81, pp. 447– 463, Jan. 2018. 

[17] S. Kumar, Kumar, A., Kothiyal, A.D. and M. S. Bisht. 
“A review of flow and heat transfer behaviour of 
nanofluids in micro channel heat sinks,” Thermal Science 
and Engineering Progress, vol. 8, pp. 1- 67, Dec. 2018. 

[18] Y. Menni, A. Chamkha, C. Zidani, B. Benyoucef. “Baffle 
orientation and geometry effects on turbulent heat 
transfer of a constant property incompressible fluid flow 
inside a rectangular channel,” Int. Jounal of Numerical 
Methods for Heat and Fluid Flow, vol. 30, pp. 3027–
3052, Jun. 2019. 

[19] P. Promvonge, and S. Skullong. “Heat transfer 
augmentation in solar receiver heat exchanger with hole-
punched wings,”  Applied Thermal Engineering, vol. 
155, pp. 59 – 69, Jun. 2019b. 

[20] T. S. Ravikumar, S. Sivamani, H. Venkatesan and H. K. 
Guntamadugu. “Numerical Studies on Heat Transfer 
over a Flat Plate with Triangular Rib-Groove Geometry 
at Laminar Flow Conditions,”   Defect and Diffusion 
Forum, vol. 374, pp. 121–130, Apr. 2017. 

[21] Singh, P., and Ekkad, S. “Experimental study of heat 
transfer augmentation in a two-pass channel featuring V-
shaped ribs and cylindrical dimples,” Applied Thermal 
Engineering, vol. 116, pp. 205–216, Apr. 2017. 

[22] P. Singh, Y. Ji, and S. V. Ekkad. “Experimental and 
numerical investigation of heat and fluid flow in a square 
duct featuring criss-cross rib patterns,” Applied Thermal 
Engineering, vol. 128: pp. 415–425, Jan. 2018. 

[23] S. Alfarawi, S. A. Abdel-moneim, and A. Bodalal. 
“Experimental investigations of heat transfer 
enhancement from rectangular duct roughened by hybrid 
ribs,” International Journal of Thermal Sciences, vol. 
118, pp. 123–138. Apr. 2017. 

[24] B. S. Rao, M. K. Mayuri, and V. Himanshu, “Heat 
Transfer Studies in Wavy Corrugated Plate Heat 

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



Exchanger,’’ International Journal of Advanced 
Research in Engineering and Technology, vol. 6, pp. 72-
79, Dec. 2015. 

[25] G. Xie, Y. Li, F. Zhang, and B. Sunden. “Analysis of 
micro-channel heat sinks with rectangular-shaped flow 
obstructions,” Numer. Heat Transf. A Appl., vol. 69, pp. 
335–51, Nov. 2016. 

[26] R. J. Moffat. “Describing the Uncertainties in 
Experimental Results,” Experimental Thermal and Fluid 
Science, vol. 1, pp. 3 – 17, Jan. 1988. 

 
 
 
 

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY


