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ARTICLE INFO ABSTRACT

Keywords: Thermohydraulic characteristics of air as the working medium in a circular heated channel fitted
Transition flow regime with inlet obstruction (ribbed prism) at the inlet is carried out experimentally for transitional flow
Ribbed prism regime. The ribbed prism is fabricated using aluminum metal. Three non-dimensional parameters
Thermohydraulic clearance ratio (C = 0.4, 0.5 and 0.6) and pitch ratio (e = 0.12, 0.15 and 0.16) were investigated.

Heat transfer

The Reynolds number (Nu) varied from 500 to 7036 to cover all the flow regimes. Experiments
Friction factor

were conducted at two constant heat fluxes of 0.5 kW/m? and 1 kW/m?. It was found that start
and end of transitional flow regime was influenced by insertion of the inlet obstruction at the inlet
of the test section. With placement of prism in the channel, the boundaries of transition changes
when compared with the plain channel. It is observed that transition starts early and also end
early to the transition limit of plain channel. Heat flux shows significant influence on the onset
and termination of the transition. At higher heat flux the transition starts later and terminates
later when compared with the lower heat flux conditions. For the case of C = 0.6 and e = 0.16, the
transition begins Re = 1648 and ends at Re = 3387 for 1 kw/m? heat flux. The transition of 0.5
kW/m? of heat flux for C = 0.6 and e = 0.16 begins at Re = 1554 and ends at Re = 3321.
Correlations were also developed for predicting the Nusselt number and friction factor and the
results are useful to design solar thermal systems and heat exchangers.

1. Introduction

In past two decades, the energy consumption across the world grows by several folds. This is due to the drastic development
observed in all sectors of industries. The advancement in the technology enables all sections of the society to enjoys it perk. But this
advancement in the technology pushed the limits for depleting non-renewable energy sources. Several reforms internationally have
been introduced in the previous years to conserve the non-renewable energy sources. These reforms bring new zenith in the field of
renewable energy especially solar energy. A race is going on amongst the economies of world to reduce their reliability on the non-
renewable sources by harnessing the maximum among of solar energy. Solar energy is harness with the help of solar absorber

* Corresponding author. Department of Physics, College of Science, King Faisal University, PO Box 400, Al-Ahsa, 31982, Saudi Arabia.
E-mail addresses: bsouayeh@kfu.edu.sa, basma.souayeh@gmail.com (B. Souayeh).

https://doi.org/10.1016/j.csite.2022.102016

Received 31 January 2022; Received in revised form 21 March 2022; Accepted 5 April 2022

Available online 13 April 2022

2214-157X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:bsouayeh@kfu.edu.sa
mailto:basma.souayeh@gmail.com
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2022.102016
https://doi.org/10.1016/j.csite.2022.102016
https://doi.org/10.1016/j.csite.2022.102016
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Souayeh et al. Case Studies in Thermal Engineering 34 (2022) 102016

plates, solar concentrators, solar collectors, etc. A heat exchanger (HE) is used to exchange this energy extracted from sun with some
different fluid to utilize it further. Several research are going on to reduce the size and volume of such devices with enhanced per-
formance. Even, efforts are also made at the nanoscale level [1].

Heat exchangers are most widely used equipment in power generation, automobile, defense, aviation, chemical, medical and
pharmaceutical industries [2-4]. Heat exchangers play an important role in transfer of energy from one fluid to another [5-8]. Hence,
it is desirable to design and develop a heat exchanger which serves out the purpose with maximum efficiency and effectiveness. Heat
exchangers generally design to works in laminar and turbulent flow regime. However, it has been observed previously by some re-
searchers that sometimes heat exchanger also operates in the transitional flow regime (TFR).

The credit of initial investigations in the field of TFR goes to Ghajar and group [9-14]. Main objective behind the investigation was
to gather the data for heat transfer and friction factor this flow regime to understand the fluid behaviour. Studies in TFR are still in the
early stage on very few manuscripts available in the open literature specially dedicated to the thermohydraulic performance in TFR.

Ghajar and co-workers [9,10,15-17] carried out experimental investigations for heat transfer and pressure drop in TFR with three
inlet geometries namely, Re-entrant, square-edge and bell mouth inlet. Besides, influences of developing or developed flow, and heat
flux on the TFR were reported. It was found that smoother the inlet, late the transition begins and later it ends. While blunt inlets
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Fig. 1. (a) Schematic of Experimental test rig, and (b) circular tube with inlet obstruction (triangular ribbed prism).
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started and ends the transition earlier. Also, it was also reported that increase in heat flux further delayed the onset and end of the
transition. Water-Ethylene Glycol mixture in different concentrations was used for the investigations. It was reported from these
studies that transition may have started around Reynolds number of 600 and can goes up to the Reynolds number of 10000. The
investigations of Ghajar and co-workers change the concept of laminar-transition-turbulent flow regimes. The experimental data of
their work reflects the variation in TFR with changes in the inlet geometries, operating conditions, etc.

Moving on the same track, Meyer and Co-workers [6-13] also carried out series of experiments with different inlet geometries,
enhanced tubes, turbulators, working fluids (water and nanofluids). Besides, they also experimented by changing the orientation of test
section from horizontal to vertical [18]. While the research work of Ghajar and co-workers mainly concentrated on the plain channels
with different inlet geometries, Meyer and Co-workers explored by employing various modifications as mentioned above. The research
work did by Meyer and co-workers provide a new dimension to this young research field. The results obtained by them are very
interesting and correlations developed by them are wildly accepted by the scientific community very well.

2. Objective of current investigation

After thoroughly reviewing the various articles related to the field, authors of this paper come to the point that only few manu-
scripts are available which are related to channel modifications which includes works of Meyer and Olivier [19,20] and Abolarin et al.
[21-23]. While Meyer and Olivier work on the enhanced channel [19,20], Abolarin et al. [21-23] investigated the influence of tur-
bulators (Conventional twisted tapes, clockwise and anticlockwise twisted tapes, and peripheral cut twisted tape with ring inserts) on
the TFR. This provides a research gap for further exploration in this field. It is noted from the previous work that no work has been
reported so far on the influence of inlet obstruction on the thermohydraulic behaviour in the TFR. Hence, seeking this as a positive
opportunity, authors of this work carried out experimental investigation in a channel with ribbed prism bluff body placed at the inlet of
the channel to study the thermohydraulic performance of the working fluid in transitional flow. For present experimental investi-
gation, air is used as the working fluid with Reynolds number varied from 500 to 7036 to cover all the three flow regimes. Also the
considered flow regime helps in understanding the variation in the output amongst three flow regimes.

3. Experimental setup, procedure and uncertainity analysis

Experimental test rig (Refer Fig. 1(a)) consists of air blower having capacity of 7 kW. Fresh air at atmospheric temperature and
pressure sucked in through the air blower and passes through the flow meters which measures the flow rate of the air. A control valve is
provided before the flow meter to control the flow rate. Air then passes through the calming section. Calming section is made of hollow
metallic cylindrical duct having diameter of 30 mm and is 1500 mm long. The calming section brings the uniformity and steadiness to
the flow velocity. Calming section is connected to the test section with the help of flange. Test section is made of brass having diameter
(D) of 20 mm and length (L) of 2000 mm. The total length (L) of the tube is 2500 mm and the non-heated portion length (L;) is 500
mm. The obstruction (ribbed prism) is place at a distance (X) of 100 mm from the entry of the tube section as shown in Fig. 1 (b). Two
temperature probe PT 100 are connected at the inlet and outlet of the test section to measure the bulk temperature of in and out air.
Besides, 36 T-type thermocouples are also attached to the test section to measure the temperature of the surface of the test section at
different position. Four thermocouples are attached at one station at an angle of 90° from each other. Average of these four ther-
mocouples reading will give the reading of surface temperature at a station. Total nine such stations at different length are used to
measure the temperature of test section surface. Thermocouples are brazed on the surface of test section. Two high-quality porcelain
nichrome heaters are also coiled around the test section and are attached with the variac to control the voltage. All the 36 thermo-
couples and 2 PT 100 are connected to the data acquisition system which is connected to the computer to collect the temperature
reading at a regular interval of 1 s. A u-tube manometer is also attached between inlet and outlet of the test section to measure the
pressure drop across the channel. The whole test rig is insulated with the layers of insulation tape made up of mica, glass wool and jute
followed by a layer of glass wool then jute bag and finally microfiber sheet. The purpose of insulation is to minimize the heat loss to the
atmosphere.

It takes around 1-1.5 h to achieve the steady state depending upon the flow rate and heat flux. Steady state is assumed to be reached
once no major fluctuation in temperature, flow rate and pressure drop were observed. Initially, all the valves were kept fully opened
and then were gradually closed depending upon the desired flow rate. To reduce the flow fluctuation, bypass valve was continuously
adjusted. Heat flux to the test section is adjusted with the help of variac. Once all the setting is done and steady state is assumed,
reading will be recorded to the data acquisition system. The average of data points collected will collectively result in a single reading.
The above procedure was repeated to for different flow rate.

All the equipment used in the experiments are calibrated and uncertainty analysis is carried out to determine the percentage error

Table 1

Range of equipment used in Test rig.
Equipment Range
Blower 7 kW
Rotameter 1.0-120 LPH
U-tube manometer 0.0-150 mm of Hg
Variac 0-270 V
Thermocouples —373t0 623 K
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in the measurement. The principles suggested by Dunn [24] in their book were assessed to determine the uncertainty at 95% confi-
dence level. Thermocouples and PT 100 calibrated using a reference thermometer within an accuracy of + 0.04 °C. The uncertainty in
estimating Reynolds number was 3.5%, and that of friction factors was 4%, while the uncertainty in estimating the Nusselt number was
within 6%. Table 1 shows the measuring range of various equipment while Table 2 shows uncertainty of various parameters.

4. Data reduction

Following parameters has been used in the present investigation (refer Fig. 1(b)):

Diameter (D), mm 20

Tube length (L), mm 2500

Non-heated tube length (L;), mm 500

Heated tube length (Ly), mm 2000

Pitch ratio (e = E/H) 0.12, 0.15 and 0.16
Heat flux, (q), KkW/m? 0.5and 1.0
Clearance ratio (C = H/D) 0.4, 0.5 and 0.6

The following set of equations are utilized for the calculation purpose:
Heat transferred to the air is given by Ref. [2]:

Quir =m*Cy(Tou = Tin) ¢}
Heat Flux is given by Ref. [25]:

q= QAir/ASW = Quir/2pL (&)
Reynolds number (Re) will be calculated using the following relation [26]:

Re :4*171,/71_Du ()]
For determination of local temperature at various position [23]:

T(x) =T+ (Tou — Ty, “
For the calculation of bulk temperature [2]:

T, =T + Tou/2 5)
The local convective heat transfer coefficient can be calculated as [25]:

h(x) = qr,. — T, (6)

Where T, is mean surface temperature at position x and T, is the mean temperature of working fluid at position x.
For calculating the average heat transfer coefficient [27]:
h= q/Ts -7, @
Where T is the surface temperature.
The Nusselt number (Nu) is given by Ref. [25]:
Nu= hD/k ®)

The heat transfer can also be represented using the Colburn j-factor or simply called j-factor is given by Ref. [25]:

j—= 1
j= Nu RePr3 ©
For friction factor calculation, the formula is [28]:

Table 2

Uncertainty of various parameters.
Variables Error (%)
Velocity 0.184
Voltage of Heater 0.146
Resistance 0.38
Power supplied to heater 0.171
Current 0.226
Ambient temperature 0.120
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Ap
=117 (10)
52PV?
For calculating the thermal performance factor, the following formula can be used [2,29]:
Nu/Nu
LAY a1
(f/f)

Where the subscript 0 is used to denote the plain duct.

5. Validation of the results

Fig. 2 (a) and 2 (b) depicts the validation of Nusselt number and friction factor against the Reynolds number respectively. For
validation of Nusselt number and friction factor in plain channel in laminar flow regime, well renowned correlations of Nu = 4.36 and
Poiseuille were employed, respectively. And for the validation in turbulent flow regime, correlations of Meyer et al. and Blasius were
employed for Nusselt number and friction factor, respectively. For Nusselt number validation, the average deviation of 3.4% is re-
ported while for the friction factor the deviation is only 0.5%. In laminar flow regime, the Nusselt number started deviating (increases
with Reynolds number) from the value of Nu = 4.36 after Re = 600. This is due to the dependence of Nusselt number on the Reynolds
number [27]. Based on the percentage deviation between experimental and predicted data using the correlations, it can be said that a
very good agreement is observed.

Fig. 2 (c) depicts the Colburn j-factor for plain channel. For depicting the critical Reynolds number of beginning and end of the
transition regime, line fitting method is used. The line L-L shows the fitting line for laminar flow regime, Y-Y represents the transition
regime and T-T shows the turbulent flow regime. The intersection of L-L line and Y-Y lines gives the critical Reynolds number for onset
of transition while the intersection point of line Y-Y and T-T gives the critical Reynolds number for end of transition. On analysis the
data, it was found that critical Reynolds number for onset of transition is Re = 2562 and for end of transition is Re = 3802. This brings
the transition width of Re = 1240.

6. Results and discussion

6.1. Nusselt Number (Nu)

Under the same conditions, the Nusselt number is defined as the ratio of convection heat transfer to fluid conduction heat transfer.
Fig. 3 (a, b and c) shows the variation of Nusselt number with Reynolds number.
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Fig. 2. (a) Validation of Nusselt Number, (b) Validation of Friction factor, and (c) j-factor as function of Re for plain tube.
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Fig. 3 (a) shows Nusselt number variation for constant pitch ratio (e = 0.16) and variable clearance ratio (C = 0.4, 0.5 and 0.6) for
constant heat flux (q = 1 kW/m?). Following inference can be made by observing the graph:

(i) Enhancement in heat transfer is observed when results were compared with plain channel.
(i) Highest enhancement in Nusselt number were reported for C = 0.6 and e = 0.16 while lowest enhancement was reported for C
= 0.4 and e = 0.16 for channel having ribbed prism inserted.
(iii) The presence of ribbed prism in the flow line results in the earlier transition. This is due to the disturbance in the flow field
which results in the early transition.
(iv) For C = 0.4 and e = 0.16, the transition begins at Re = 2121 and ends at Re = 4529. For C = 0.5 and e = 0.16, the transition
begins at Re = 1750 and ends at Re = 3769. For C = 0.6 and e = 0.16, the transition begins at Re = 1648 and ends at Re = 3387.

Fig. 3 (b) shows the Nusselt variation for variable pitch ratio (e = 0.12, 0.15 and 0.16) and constant clearance ratio (C = 0.6) for
constant heat flux (g = 1 kW/m?). The inference made by observing the graphs are as follows:

(i) Highest enhancement in Nusselt number was reported for C = 0.6 and e = 0.16 while lowest enhancement was reported for C =
0.6 and e = 0.12 for channel having ribbed prism.
(ii) For lower pitch ratio, the gap between the ribs is large. This results in lesser mixing of fluids and hence the lower Nusselt value.
(iii) On comparison earliest beginning and end of transition was reported for C = 0.6 and e = 0.16. For the given case the transition
begins at Re = 1648 and ends at Re = 3387. For C = 0.6 and e = 0.15, the transition begins at Re = 1655 and ends at Re = 3412.
And For C = 0.6 and e = 0.12, the transition begins at Re = 1646 and ends at Re = 3502.

Fig. 3 (c) shows the variation of Nusselt number for C = 0.6 and e = 0.16, for heat flux 0.5 and 1 kW/m?. It is clear from the plot that
increase in heat flux results in higher Nusselt number. It is also worth noticing that for higher heat flux value the transition begins later
when compared with the lower heat flux results. As the heat flux increases, the randomness in the air particles increases. This increases
the viscosity of the air. This results in the delayed transition at higher heat flux. The transition of 0.5 kW/m? of heat flux for C = 0.6 and
e = 0.16 begins at Re = 1554 and ends at Re = 3321.

6.2. Friction factor (f)

Friction factor depicts the resistance offered to the working medium in the fluid domain. Fig. 4 (a, b, and c) depicts the variation in
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the friction factor as a function of Reynolds number.
Fig. 4 (a) shows the variation of friction factor with Reynolds number for constant clearance ratio (C = 0.6), and variable pitch ratio
(e =0.12,0.15, 0.16) at 1 kW,/m? heat flux. Following observations has been made from the figure:

(i) A sharp decrease in the friction factor has been reported in laminar flow regime with increase in the Reynolds number. In
transitional flow regime, the friction factor again increases. However, on entering the turbulent flow regime, a slight but gradual
decrease in the friction factor was observed.

(ii) A very slight variation in the friction factor value has been observed for all the configurations. However, on comparison to the
plain channel the enhancement in the friction factor is appreciable.

Fig. 4 (b) shows the variation of friction factor for constant pitch ratio (e = 0.16) and variable clearance ratio (C = 0.4, 0.5, and 0.6)
at heat flux of 1 kW/m?2. Following inferences has been made by observing the figure:

(i) Clearance ratio has significant influence on the friction factor. The difference can be clearly visible if we compare the results
with Fig. 4 (a).
(ii) Decreasing trend has been observed for the friction factor in the laminar and turbulent flow regime while for the transition flow
regime, friction factor shows increasing trend.
(iii) For the case of C=0.6 and e = 0.16, the friction factor is highest followed by the friction factor for C=0.5and e =0.16 and C =
0.4 and e = 0.16. This can be interpreted as pitch ratio of ribs do not show huge impact on the friction factor. However, if we
consider the clearance ratio, the influence is visible and appreciable.

Fig. 4 (c) shows the variation of friction factor for C = 0.6 and e = 0.16, for different heat flux. It is visible from the figure that for
higher heat flux the friction factor is higher while for lower heat flux value the friction factor is lower. The reason for higher friction
factor is the interaction between the fluid particles. At higher heat flux, the fluid particles interact more with each other. This will cause
the higher flow resistance and because of which higher friction factor and pressure drop.

The relationship between heat transfer and pressure drop is also revealed in term of ratio of friction factor to the Colburn j-factor (f/
j). Fig. 5 (a and b) shows the variation of ratio f/j as a function of Reynolds number. Fig. 5 (a) shows the variation of f/j as a function of
Reynolds number for constant clearance ratio (C = 0.6) while Fig. 5 (b) shows the variation of f/j for different heat flux conditions for C
=0.6and e = 0.16. For C = 0.6 and e = 0.12, the f/j is highest while for C = 0.6 and e = 0.16, the f/j factor is lowest for constant heat
flux of 1 kW/m?. As far as Fig. 5 (b) is concerned no significant variation is observed.
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6.2.1. Thermohydraulic performance factor ()

Thermohydraulic performance factor also known as thermal performance factor provides the performance of the heat exchangers
by balancing the heat transfer enhancement with pressure drop. A design of heat exchanger is considered good if its value is more than
unity. Fig. 6 shows the variation of n with Reynolds number. For the studied configurations, the value of n is more than unity. The
highest value was reported for the case of C = 0.6 and e = 0.16 while the lowest values are reported for C = 0.4 and e = 0.12. A
significant enhancement in the thermohydraulic performance factor was noticed upto the Reynolds number 3000. Beyond theoretical
transition range, a sharp decrease in the value of thermal performance factor is observed.

Table 3 shows the comparison of various results in tabular format for easy and better understanding:

6.2.2. Correlations

The following novel correlations were developed from the experimental study for different flow regimes:
Nu for Re 500-4000

Nu = 0.7421 x (0.5485 + 0.0114 x Re) x (1.3256-0.182 x C+ 0.0021 x e) x q*%**®
f for Re 500-4000
f=1.9874 x Re %! x (0.2214-0.0225 x k + 0.00174 x e) x q*12!

Predicted outcomes from the novel correlations presented in Fig. 7. From the figure one can see that the error is minimum between
experimental data and predicted points of Nu and f. The deviation of Nu is £5% and f is +6%.

7. Conclusions

In present experimental investigation, constant heat flux forced convection heat transfer and pressure drop inside a circular channel
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Table 3

Variation of Nu and f with various parameters for 1 and 0.5 kW-m™2 heat flux.
Heat flux (q) Reynolds Number (Re) Pitch ratio (e) Clearance ratio (C) Nu f
1 1920 0.16 0.6 21.033 0.04321
1 1927 0.12 0.6 18.11 0.04132
1 1924 0.16 0.5 16.404 0.04034
1 1924 0.12 0.5 12.322 0.03845
1 1910 0.16 0.4 11.685 0.03746
1 1916 0.12 0.4 8.323 0.03557
0.5 1911 0.16 0.6 18.978 0.04084
0.5 1918 0.12 0.6 15.8576 0.03895
0.5 1915 0.16 0.5 14.6901 0.03801
0.5 1916 0.12 0.5 11.9148 0.03602
0.5 1930 0.16 0.4 10.4621 0.03504
0.5 1916 0.12 0.4 7.0039 0.03409

fitted with ribbed prism is investigated in laminar, transition and turbulent flow regime. Air is used as the working fluid with Reynolds
number varied from 500 to 7036. The test section is heated with uniform heat flux of 0.5 and 1 kW/m?. For plain channel heated with
uniform heat flux of 1 kW/m?, the transition begins at Re = 2562 and ends at Re = 3802. This brings the transition width of Re = 1240.
When prism is placed in the channel, the boundaries of transition regime shifted significantly. As observed at 1 kW/m2 heat flux, for
the case of C = 0.6 and e = 0.16, the transition begins at Re = 1648 and ends at Re = 3387 while for same case at 0.5 kW/m? heat flux,
the transition begins at Re = 1554 and ends at Re = 3321. Highest enhancement in Nusselt number was reported for C = 0.6 and e =
0.16 while lowest enhancement was reported for C = 0.6 and e = 0.12 for channel having ribbed prism. Clearance ratio has significant
influence on the friction factor. For the case of C = 0.6 and e = 0.16, the friction factor is highest followed by the friction factor for C =
0.5and e =0.16 and C = 0.4 and e = 0.16. A significant enhancement in the thermohydraulic performance factor was noticed upto the
Reynolds number 3000. However, for all the cases the thermohydraulic performance factor remains greater than unity.

8. Future direction

As compared to laminar and turbulent flow regime, transition flow regime is fairly new and unexplored. Only few manuscripts are
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Fig. 7. Predicted data versus experimental data: (a) Nu, and (b) f.

available in the open literature with addresses the thermohydraulic characteristics of fluids in the transition flow regime. Furthermore,
while the transitional flow regime’s limits have been specified in the literature, they were qualitative and based on subjective visual
observations. From the previous investigations on heat transfer and fluid flow in transition flow regime, it has been concluded that
boundaries of transition flow regime are very wide, and it depends upon the different parameters such as inlet geometry, angle of
inclination of test section, type of turbulators, working fluid, heat flux, etc. Amongst various studies of transition flow regime, fewer
addresses on the influence of turbulators on the thermal and flow performance. Also, transition flow in microchannel remains un-
touched till date, as per the authors best knowledge and need attention.
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Nomenclature

T —
[l :‘Q\c@u:?m
g
S
(=]
&

Surface area of channel

Specific heat

Internal diameter of plain channel
Friction factor

Galvanized iron

average heat transfer coefficient
Current

Colburn j-factor

Spring ratio

Thermal conductivity

Length of channel

LR Laminar regime

m Mass flow rate

Nu Nusselt number

P Pitch of spring tape

Pr Prandtl number

Q Heat

q Heat flux

Re Reynolds number

Recrc  Critical Reynolds number at completion of transition
Recr,s Critical Reynolds number at start of transition
Rerrr Length of transition regime

Ty Bulk temperature

TFR Transition flow regime

Tin Inlet temperature

Tout Outlet temperature

TR Turbulent regime

Ts Surface temperature

Tox mean surface temperature at position x

T(x) Local temperature at location x

Ty mean temperature of working fluid at position x
\Y Voltage

Greek

P Density of fluid

p Dynamic viscosity of fluid

n Thermal performance factor

Subscripts

0 plain channel
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