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Abstract
Passive thermal augmentation is preferred in the design of compact and energy efficient domestic solar water heating systems 
(DSWH). Current study investigates the impact of modified DSWH with Kenics insert brazed with rod and spacer sequentially 
on the heat augmentation, and flow pressure, and frictional attributes. The thermal performance and flow friction character-
istics have also been analyzed for different rod and spacer lengths such as 0.125, 0.25, and 0.5 m for twist designed with a 
stable twist ratio of 3. Experimental results reveal the drop in Nusselt number when the rod and the spacer span increase; and 
the flow pressure drop (ΔP) decreases significantly while extending the same in comparison with full kenics twist. Further, 
the increment in pressure drop and heat removal was observed significantly in twist and rod inserts of minimum twist ratio 
and rod length compared to twist and spacer combination. Interrelationships developed for Nusselt number (Nu) and Friction 
factor (ft) show close agreement between estimated and experimental values.

Keywords Thermosyphon water heating system · Passive heat augmentation · Kenics inserts · Thermal augmentation · 
Flow pressure drop

List of symbols
Ac  Collector Aperture area,  m2

Ai  Inside surface area of the riser tube,  m2

Ao  Outside surface area of the riser tube,  m2

Cp  Specific heat kJ  kg−1 oC
Dh  Equivalent diameter of the riser tube with respect to 

the spacer diameter, m
Do  Outside riser tube diameter, m
f  Friction factor for plain tube collector, 

(dimensionless)
ft  Friction factor for twisted tape collector, 

(dimensionless)
Gz  Gratez number (dimensionless) Gz =  DH/L RePr
h  Convective heat transfer coefficient (W  m−2oC)

hi  Internal convective heat transfer coefficient (W 
 m−2oC)

Ht  Total intensity of solar radiation, W  m−2oC
k  Thermal conductivity of water, W  m−1oC
kw  Thermal conductivity of the riser tube wall, W 

 m−1oC
L  Length of the riser tube, m
m  Mass flow rate kg  s-1

Nu  Nusselt number for plain riser tube, dimensionless, 
Nu =

hiDi

k
Nus  Nusselt number for twisted tape inserted in the riser 

tube (Swirl flow)
Pr  Prandtl number, dimensionless, Pr =

�Cp

k
Q  Heat transfer rate, W
Re  Reynolds number based on the internal diameter of 

the riser tube, dimensionless
S  Length of rod and spacer (m)
Tm  Bulk mean temperature of fluid in the riser tube, oC 

(

Tin+Tout

2

)

Tin  Average outlet temperature of water, oC
Tout  Average outlet temperature of water, oC
Two  Average wall surface temperature outside
Ui  Overall inside heat transfer coefficient (W  m−2oC)
Uo  Overall outside heat transfer coefficient (W  m−2oC)
Ul  Overall heat loss coefficient (W  m−2oC)
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TR  Twist ratio (length of one twist/diameter of the 
twist) (dimensionless)

Η  Collector efficiency
FR  Collector heat removal factor
��  Transmittance-Absorptance product
Ul  Overall heat loss coefficient
Ta  Ambient temperature
Tp  Absorber plate temperature
Ht  Total solar radiation

GREEKS
ρ  Density of water (kg  m−3)
µ  Dynamic viscosity of water at bulk mean tempera-

ture (Ns  m−2)
µw  Dynamic viscosity at wall temperature (Ns  m−2)
ΔP  Pressure drop of water (N  m−2)

Introduction

Thermosyphon solar water heating systems are popular since 
their introduction as they present one of the most attractive 
and cost-effective technologies for harnessing and utilizing 
solar energy. Also, the simplicity and reliability of these 
systems have led to their its utilization all over the world. 
The single-glazed, flat plate type is commonly employed for 
providing hot water for different applications.

Endless efforts have been made by the researchers to 
improve the performance of DSWH systems, and to mini-
mize the size and cost. From the literature, it is known that 
the performance of the collector could be increased by 
improving the outside convective heat transfer coefficient 
(ho), the conduction heat between the absorber plate and the 
riser tube, and the internal convective heat transfer coeffi-
cient (hi). In general,  hi between the riser tube and the water 
has low value in a commercial system due to laminar fluid 
flow. Insertion of swirl flow generators, categorized under 
passive method of heat augmentation, is a well proven tech-
nique and is utilized in many commercial heat transfer sys-
tems like heat exchangers, air heaters, and condensers.

Innovative passive heat transfer augmentations in pipe 
exchangers, comprehensively reviewed and presented by Liu 
and Skar [1], concluded that the twisted tape insert performs 
efficiently in laminar flow reign and its the effectiveness by 
the use of other passive techniques like ribs, conical noz-
zle, conical ring, etc., is significantly higher. The impact on 
the pipe friction, the fluid Nusselt number, and the thermo-
fluidic attributes of a round section with dissimilar twist 
designs investigated by Rahimi et al. [2] proved that the per-
formance of tube with jagged insert is comparatively better 
than the other ones. Wongcharee and Smith Eiamsa-ard [3] 
investigated a circular tube with twist inserts on stand-in 
axes and with wings to observe the effects on heat removal, 

friction, and thermal attributes. Findings show both heat aug-
mentation and flow friction induced by all inserts have been 
consistent, surpassing plain tubes. They further established 
that Nusselt number, flow resistance, and thermal attainment 
improve upon incrementing the wing-chord ratio.

The use of center-cleared twist insert and short-width 
twist insert in a round section in a laminar flow regime has 
been analyzed by Guo et al. [4] established that the thermal 
performance of the tube with a center-cleared twist could 
be improved by a maximum of 20% in comparison with 
the tube with normal twist insert. It is also proved from 
the results that the use of a center-cleared twist insert is an 
encouraging means for laminar flow convective heat aug-
mentation. Sivashanmugam and Suresh [5] explored the per-
formance attributes of the annular section with helix screw 
twist insert of multiple TR and twist sets of varying order 
of TR and concluded coefficient of heat transfer improves 
with an increase in TR. Consequences of using helical twists 
inserted in a tube for heat enhancement have been experi-
mented with by Eiamsa-ard and Pongjet Promvonge [6] 
endorsed the use of helical twist inserts as an extra benefit 
over the plain tube in terms of heat augmentation. A com-
bination of helical insert and rod had provided 10% higher 
over the plain tube. Martín et al. [7] hypothesized heat trans-
fer enhancement by using the TRNSYS simulator in a wire-
coil inserted solar hot water system. Madhu Sruthi Emani 
et al. [8] analyzed the benefits of different compound tech-
niques of passive heat augmentation inserts in a non-circular 
duct and found that performance parameters are influenced 
by helix angle, channel aspect ratio, and diameter of the wire 
coil. Jaisankar et al. [9, 10] conducted several experiments 
to predict heat removal and flow friction attributes of solar 
water heaters under forced and laminar circulation with a 
full helical twist, Left–Right twist of different ratios, and its 
modified forms of varying length consolidated that the gross 
thermal presentation of Left–right insert surpasses helical 
twist inserted systems. Similarly, twist combined with rod 
allowed higher heat flow than twist and spacer combination. 
Rajesh Kumar and Prabha Chand [11] predicted the perfor-
mance of extended surface solar air collectors with twisted 
tape inserts of different twist ratios and concluded that the 
maximum performance enhancement is obtained with a twist 
of minimum twist ratio (2). Juan Du et al. [[12] performed a 
numerical study in a tubular heat exchanger tube with trans-
versely mounted sinusoidal ribs to determine its effect on 
convective heat transfer and flow pressure properties under 
constant heat flux laminar flow conditions. Finding reveals 
that the use of sinusoidal ribs in tubes possesses the potential 
promise in laminar flow heat augmentation.

The heat transfer and friction factor attributes of a hori-
zontal double pipe heat exchanger with helical screw inserts 
of different spacer lengths and twist ratios have been exper-
imentally investigated by E.Z.Ibrahim [13]. Results show 
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that the Nusselt number and friction factor decrease with an 
increase in spacer length and twist ratio. The recent devel-
opments in the thermos-economic performance of solar flat 
plate collectors have been comprehensively studied by Elu-
malai Vengadesan et al. [14] including passive augmentation 
techniques using twisted tape inserts concluded that lower 
twist ratios of twist inserts improve the thermal performance 
of the system up to 25.5%.

R. Suresh Isravel et al. [15] studied the thermal charac-
teristics of solar water heating systems using twisted tapes 
with modified rings and revealed that the improvement in 
the thermal performance is with a significant decrement in 
friction loss. Mohammed Almeshaal et al. [16] experimented 
thermosyphon water heater with different lengths of spac-
ers and rod in the trailing edge of the helical twist insert 
of ratio 3 and concluded that any linear increment in rod 
and spacer reduces the magnitude of flow pressure. Balaji 
et al. [17] experimentally investigated and compared the 
mixed convection effects of a simple flat plate solar collec-
tor and a collector with thermal performance enhancers in 
the absorber tube operated under similar conditions. Results 
show that the highest thermal performance evaluation fac-
tors were 1.38 and 1.29 for rod and tube thermal perfor-
mance enhancers, respectively. A comparative experimental 
study of heat transfer enhancement of solar water heaters 
using three different types of wire-coil inserts and twisted 
tapes under laminar flow conditions analyzed by Garcia et al. 
[18], reported that there was a noticeable different behavior 
according to the insert geometry and flow conditions. Fur-
ther, compared to wire-coil inserts, the twisted tapes offer 
a moderate increase in pressure drop. Saman Rashidi et al.
[19] carried out a review of the latest experimentation on the 
potential applications of various inserts including baffles, 
wire coils, vortex generators and twisted tapes in different 
solar thermal energy systems suggested i) More realistic 
solar irradiation instead of constant flux as simple boundary 
condition ii) Implementing transverse swirl flow devices and 
concluded that only very few researchers employed inserts 
in solar water heaters which have 80% of the solar thermal 
market of the world.

Most of the augmentation techniques using twist inserts 
of various designs have been analyzed by researchers are 
mostly focused on heat exchangers under turbulent flow 
conditions. Moreover, many of the experiments have been 
conducted only with simple twist designs like helical and 
left–right and their modified designs with higher twist ratios 
in the order of 4, 5, and 6 considering the pressure drop. 
Since swirl-induced thermal enhancement using twisted 
tapes inevitably nurses ΔP in the collector, an experiment 
was conducted using a novel twist design known as kenics, 
and the findings are reviewed with the motive of improv-
ing the thermal presentation of DSWH using compound 
designs of kenics twists under a laminar regime without 

compromising the head loss and fluid mass flow rate. Fur-
ther, the results are compared with the performance of a 
simple DSWH tested together to establish the outcomes.

Materials and methods

Experimental setup

The experimental assemble consisting of simple DSWH 
systems with glass wool insulation are shown in Fig. 1. 
Temperature of water at entry and exit of all riser tubes, 1 
m in length, are recorded by temperature recorders. T-type 
thermocouples brazed carefully on all absorber plates and on 
outer circumference of riser tubes equally placed all along 
the length of 1 m are used to record the respective local 
temperatures. The drop in pressure and fluid flow rate in 
the riser tubes has been recorded using pressure differential 
transducers and magnetic flow meters. Pyranometers records 
solar radiation by keeping it in open air conditions and the 
data collected are stored in Data logger. The detailed speci-
fications of the measurement devices are given in Table 1.

In case of twisted tape collector, altered designs of kenics 
inserts combined with rod and spacer are introduced inside 
the riser, have same size as that of the simple collector. All 
experiments have been conducted simultaneously.

Twist inserts have been made manually by using copper 
strips of 0.003m thick, 1m length and 0.011 m width. The 
twist ratio (TR) 3 was obtained by twisting the strips through 
180° to form a single helix. The Full kenics twist was formed 
by axially arranging array of such helical elements so that 
the leading edge of a helix element is at 90° to the trailing 
edge of the preceding helix and is continued for 1m length. 
Copper rod of 0.0004 m diameter, 0.125, 0.25, and 0.5 m 
length are brazed in succession with full twist in the design 

Fig. 1  Experimental setup
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of kenics with rod (KR), marked as KR125, KR250, and 
KR500, respectively. Kenics with spacer (KS) is formed by 
maintaining empty space sequentially for aforesaid lengths, 
named KS125, KS250, and KS500, respectively, are given 
in Fig. 2.

Experimental procedure

This work has been executed at SLCET near Thanjavur, 
Tamilnadu, India (Latitude: 10°’N; longitude: 80°.11’E, 
88m above MSL, 402.3 km to the North of equator) and 
testing has been conducted between March and May 2020 
consecutively. The local weather conditions recorded during 
the trial days are; bright sunshine with a RH of in and around 
68%, air dry bulb temperature 38°C, wind speed 2.7m/sec, 
max.

All DSWHs (plain tube, full length twist, & modified 
designs) were kept in open atmosphere; facing south direc-
tion slanting at 10° tilt angle, equal to local latitude to extract 
maximum energy. The readings were observed between 
09.00 am and 04.00 pm IST during which the maximum 
solar intensity is obtained in all the trials. Fresh water is 
filled early morning in the storage tank and it is completely 
drained after the trial every day. The average temperature of 
water is estimated from the mean of entry, exit of individual 
risers. Likewise, the temperature of absorber plate and riser 
tube wall were estimated by taking the mean of tempera-
tures recorded by thermocouples positioned at 45 points on 
the respective exteriors. Mass rate, fluid pressure difference, 
insolation, air temperature, entry, exit temperatures of water 
in riser tubes have been measured and aggregated for every 
15-minutes. Similar trial runs have been executed for 4 suc-
cessive days to substantiate the resemblance.

From the recorded parameters, it is observed that the solar 
insolation shows increasing trend and peaking at 1.00 pm 
tailed by declination till 4.00 pm. Identical inclination expe-
rienced for fluid mass rate, absorber plate, entry water, and 
air dry bulb temperatures. Based on above trend, the obser-
vation characteristic of solar water heater is split into two 
phases based on insolation; of ascending order as phase 1 
followed by declining order as phase 2. For each phase flow 
friction, Nusselt number and thermal attributes are resolved 
individually.

Experimental data reduction

In order to understand the recorded results effectively, it is 
reduced by using the following relations

Heat removal

Quantity of heat removed (Q) risers are estimated from

The heat removal rate is connected to fluid mass rate, 
Cp and difference among fluid exit and entry temperatures. 
Further,

The inside convective heat removal coefficient between 
collector surface and flowing fluid hi has been calculated by 
linking equation 1 & 2 for the estimation of Nusselt number 
(experimental).

Thermo physical properties of water calculated at bulk 
mean temperature (Tm).

Frictional resistance

Fully developed friction factor for each riser of the collector 
estimated using

where ΔP is flow pressure reduction through risers.

Thermal attributes

The thermal characteristics of each DSWH is determined 
from Hottel and Whillier [20]

(1)Q = mcp(Tout − Tin) = U0A0(Tw0 − Tm)

(2)1
(

U0A0

) =
1

(

hiAi

) +

ln
(

D0
/

Di

)

(

2�kwL
)

(3)Nu =
hiDi

k

(4)
f =

ΔP
(

L

Di

)(

�Um2

2

)

Table 1  Details of the Instruments used for data collection

S.No Parameter Device Make Accuracy intervals Measurement intervals

1 Flow rate Electro-magnetic flowmeter CE  ± 1% Continuously recorded in a data logger and averaged 
for every 15 min2 Flow pressure Differential Pressure Trans-

ducers STD110, STD600
Honeywell  ± 0.1%

3 Temperature RTD Omega  ± 0.1 °C
4 Solar radiation Pyranometer Kipp & Zonon  ± 3%
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Full length kenics twist

Twist with 125 mm rod

Twist with 250 mm rod

Twist with 500 mm rod

Twist with 125 mm spacer

Twist with 250 mm spacer

Twist with 500 mm spacer

Y = 3

125 125

125 125

250 250

250 250

KR125

KR250

KR500

KS125

KS250

KS500

500

500

11

1000

(a)

(b)

(c)

Fig. 2  Full kenics twist and its modified designs
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Product of transmittance-absorbance (τα), heat loss coef-
ficient (UL) and heat removal factor (FR) are estimated from 
Duffie and Beckman [21].

The heat removal factor is estimated from

The spontaneous thermal performance is evaluated regu-
larly at an interval of 15 min.

Experimental uncertainty

Experimental uncertainties of current data attrition resolved 
by Coleman-Steele [22] & ANSI/ASME [23] and observed 
to be within tolerable limits. The peak uncertainties realized 
for Re, f t , Nu and thermal performance are  ± 1.8%,  ± 3.5%,  
± 2.1, and  ± 1.32%, respectively. Mathematical models of 
derived quantities are developed by using the fundamental 
concepts of calculus and total differential. The experimen-
tally measured quantities of m, h, P, L, and Di are used in 
mathematical models for estimating the derived quantities 
of Reynolds number, friction factor, and Nusselt number.

Results and discussions

Heat removal attributes of plain tube and full kenics 
twist collector

Sieder –Tate equation [24] is used for calculating the the-
oretical Nusselt number Nu of a simple DSWH in both 
phases. Since the Gratez number (Gz) value is less than 10, 
above said equation is used in the analysis.

For phase 1 & phase 2, experimental Nu is used in the 
above property relation and the peak discrepancy observed 
was ± 6%. The magnitude of solar insolation increments 
steadily in phase 1 boost the difference in temperature of 
the water from entry to exit. This phenomenon persuades 
driving potential; subsequently increases the fluid mass rate 
and kinetic energy. Hence steady improvement in Reynolds 
number and corresponding increase in Nusselt number has 

(5)η = FR(��) − FRUL

Tin − Ta

Ht

(6)Q = Ht(��) − Ul

(

Tp − Ta
)

(7)Ul =
Q − Ht(��)

Ta − Tp

(8)Q = FR

(

Ht(��) − Ul

(

Tin − Ta
))

(9)FR =
Q

Ht(��) − Ul

(

Tin − Ta
)

been observed. In phase 2, there is a gradual decrease in the 
intensity of solar insolation indicates that the heat absorp-
tion in the collector is also descending. Furthermore, it 
decreases difference of temperature among entry and exit 
of risers as result of diminishing driving force. It is obvious 
that, the declining Reynolds number this phase lowers the 
heat removal. In comparison with modified twist inserted 
collector and simple DSWH, higher heat enhancement is 
evaluated in full twist inserted collector. Presence of ken-
ics twist inside the tube splits the fluid flow pattern inside 
the tube from circular to semicircular flow pattern on both 
side of the first helical element in the kenics. In the second 
helical element which is attached at an angle of 90° to the 
first element cuts the flow stream again, and this process is 
sustained throughout the length of the twist/riser tube. This 
kind of intermittent swap in swirl direction and fluid flow 
pattern gives rise to the fluid secondary motion, consistent 
fluid temperature and improved particle agitation; hence 
finer blending of fluid molecules. This causes the Nusselt 
number for full kenics inserted collector to increment about 
4.4 times in comparison with simple DSWH.

Heat, friction characteristics of DSWH with modified twist 
designs

Current chapter discusses the heat augmentation in full ken-
ics inserted collector and modified twist inserted collectors. 
Presence of spacer and rod sequentially between the twist 
elements influence significantly in heat transfer augmenta-
tion inside the riser tubes. The dependency of hi with Re 
are depicted in Fig. 3a, b. In general, observations from 
the experimental results that the hi value raises with incre-
ment in Reynolds number during phase 1 because of the 
progression in heat input to the collectors. The convective 
heat transfer coefficient for KR125 decreases by 0.95% and 
for KS125 is 3.8% compared to full kenic inserted collec-
tor. Similarly for collectors with KR250 and KS250 twist 
the decrement estimated is 5.54 and 6.68%, respectively. 
While the length of rod and spacer is increased to 0.5 m, 
named KR500 and KS500, the decrement in convective heat 
transfer coefficient evaluated is 11.2 and 18% correspond-
ingly. As far as KR insert is concerned, existence of rod 
element sequentially in twist segment assist sustaining the 
fluid swirl to some extent. But in case of KS insert, the fluid 
particle swirl diffuses quickly in spacer segment; establish 
anew in twist regime. This phenomenon intensifies steadily 
while incrementing rod and spacer linearly and lessen the 
thermal enhancement proportionally. As a result of alternate 
establishment and confuse of fluid swirl, relatively greater 
decrement in Nusselt number in comparison with full twist 
collector.

Empirical correlations were established with 95% confi-
dence level for both phases using Gauss elimination method.
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where  Nus is the swirl-induced Nusselt number. The Nus-
selt number approximated from the above correlations (10) 
and (11) for a respective phase fits the investigational values 
reasonably within ±18% depicted in Fig. 4a, b.

Flow friction attributes of DSWH and full twist 
collector

The frictional resistance experienced by the flowing fluid 
inside risers are determined by differential flow pres-
sure transducers, fixed suitably between entry and exit. In 

(10)Nus = 0.00396R1.068
e

y0.34P0.758
r

(

1 +
S

D

)−0.033

(11)Nus = 0.00037R1.44
e

y0.155P0.37
r

(

1 +
S

D

)−0.0244

general, it is observed that the flow pressure reduction is 
minimum at low fluid temperature, reaches peak at higher 
temperature since the fluid viscosity is inversely propor-
tional to temperature. Equation (4) is used to calculate the 
experimental friction factor of simple DSWH and compared 
with fanning equation show an inconsistency within ±11.5 
for both phases.

In case of twist inserted collector, higher value of ΔP is 
recorded as a result of improved particle mixing effect and 
raise in wetted surface of raiser tube. The novel design of 
kenics twist not only promotes fluid swirl in forward and 
reverse tangential direction but also split and reunite fluid 
flow. Accordingly, the flow velocity is significantly greater in 
full kenics inserted collector while comparing other collec-
tors. The magnitude of ΔP estimated in full kenics inserted 
collector is closely thrice than simple DSWH. Increase in 
wetted surface and increment in hydraulic length of the fluid 
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is the main cause of flow friction. Minimum fluid velocity is 
observed in the beginning of phase 1; progression of insola-
tion intensity improves fluid flow velocity steadily, in turn 
raise the ΔP value, reduce f t . Since solar insolation steadily 
diminishes during phase 2, the fluid flow velocity and ΔP 
are affected as explained in the previous phase. Hence the 
magnitude of flow resistance raises correspondingly.

Influence of incorporating rod and spacer in flow ΔP

Existence of a rod section alternately along twists tend to 
decrement the wetted surface and hydraulic length. This is 
primarily because of the steady dissemination of fluid swirl 
in the rod regime which directly depend on rod length. 
The flow pressure reduction recorded in a collector with 
KR insert is significantly greater than KS inserted. This is 
mainly due to the continuation of the fluid swirl developed 
in twist regime and its persistence in rod section. In case 
of KS collector, due to the presence of empty space, the 
magnitude of swirl motion suddenly drops and hence the 
flow pressure loss for KR125, KR250, and KR500 are found 
to be decreased by 11, 22.4, and 33.6% when compared to 
full kenics collector. Likewise, the calculated flow ΔP for 
KS125, KS250, and KS500 are lower by 19, 28.6, and 47% 
the loss calculated for full kenics collector. In the same 
way, the friction in KR collector is high in comparison with 
KS collector. The friction factor for KR125, KR250, and 
KR500 is 2, 4.5, and 10% compared to full twist collector. 
For KS inserted collector, the flow friction factor for KS125, 
KS250 and KS500 are lesser by 5, 9, and 20%, respectively, 
compared to full kenics collector. The flow resistance fac-
tor calculated for collector with modified twist insert is a 
function of Re, TR and linear dimension of rod and spacer. 
The changes in flow pressure with corresponding Reynolds 
number is depicted in Fig. 5a b. Following empirical cor-
relations are developed for both phases.

where f t is the flow friction factor for modified twist 
designs KR and KS. The estimated f t from Eqs. (12) and 
(13), compared with the experimental values and deviations 
are within ± 13% for both phases, as shown in Fig. 6a, b.

Thermal performance of the collector

The deviation of instantaneous efficiency with local time for 
simple DSWH, full kenics collector and KR, KS collectors 

(12)ft = 1.31
(

Re

)−0.32
Y−0.13

(

1 +
S

D

)−0.064

(13)ft = 3.53
(

Re

)−0.44
Y−0.15

(

1 +
S

D

)−0.067

are shown in Fig. 7. Observations show that there is decre-
ment in instantaneous efficiency with increment in the ratio 
of temperature drop to solar insolation. The magnitude of 
overall heat loss coefficient, a measure of the performance of 
the system is depending upon the difference between entry, 
exit water temperature and local weather quality. Further, the 
spontaneous efficiency of all collectors progresses in phase 
1, reaches maximum when the insolation intensity is peak 
and found to decrease till end of the trial, due to decrement 
in heat transfer since there is a decline in solar insolation 
intensity.

The spontaneous efficiency of full kenics collector is 
invariably greater than simple DSWH and KR, KS collec-
tors. Introduction of twist elements modify the axial stream-
lined fluid flow in the plain collector into tangential direction 
intern improves the fluid surface that is wet and resident 
time in risers. This phenomenon amplifies the heat removal 
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rate between inner riser surface and flowing fluid. Hence in 
simple DSWH, as a result of minimum wetted surface, we 
observe more thermal losses and record poor instantaneous 
efficiency.

In case of KR, KS collectors, the extension of tangen-
tial fluid swirl and particle turbulence surrounding rod 
regime improves the spontaneous performance substan-
tially compared to simple DSWH. The length of the rod in 
the twist directly influences and is inversely proportional to 
the magnitude of reduction in the collector’s instantaneous 
efficiency.

Furthermore, in kenics insert with spacer, the magnitude 
of particle turbulence is quickly fade away in the empty 
space, leading to larger overall heat loss coefficient because 
of reduction in wetted surface and diminishing tangential 
swirl flow when compared to full kenics and collectors with 
modified inserts. Fluid particle blending agitation is indi-
rectly and rate of decay of swirl depends directly on the 
spacer length. Hence the instantaneous efficiency of all col-
lectors with spacer offers comparatively lower performance 
than collector with rod.

The collector heat removal rate, an important perfor-
mance parameter which is defined as the ratio of actual 
useful energy absorbed to the energy absorbed if the entire 
collector were at the fluid entry temperature. The increase in 
the temperature of fluid through the collector decreases with 
increase in the fluid mass flow rate. Subsequently this phe-
nomenon resulted in lower losses and maximizes the actual 
useful energy captured. The variation in heat removal rate 
with Reynolds number is depicted through Fig. 8. It is real-
ized that the hotness of absorber plate of simple DSWH is 
elevated, minimum for collector with full kenics insert due 
to higher heat removal. Rate of heat removal from absorber 
plate, a direct indicator of the thermal performance of the 
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collector is observed 0.99 for collector with full kenics insert 
and 0.62 for simple DSWH. It is obvious that, in plain tube, 
the only means of heat removal is convective heat removal 
since the inner tube surface in contact with flowing fluid 
is comparatively minimum in the absence of twist inserts.

It is observed in case of KR, KS collectors, the magnitude 
of FR gradually decays with incrementing rod and spacer lin-
early. The heat removal rate evaluated for KR250 and KS250 
is 0.96 and 0.93, respectively. When the length is 500 mm 
the same is reduced to 0.89 and 0.88 correspondingly. This 
indicates that the fluid turbulence has a relatively strong 
influence on the mean plate temperature and heat removal 
rate in KS collector compared to KR collector.

Concluding remarks

Experimental analysis on heat transfer and flow friction 
attributes of simple DSWH with modified designs of kenics 
twist limited to laminar flow regime has been presented. The 
modified designs of twists offered an improved performance 
over the plain tube collector and summarized as given below.

• Compared to simple DSWH, the improvement in instan-
taneous efficiency is in between 1.65 to 1.53 times and 
the decrease in ΔP compared to full length kenics insert 
is between 1.85 to 1.12 times. The instantaneous effi-
ciency improvement is because of the presence of twist 
inserts which offer rapid turbulence, better particle mix-
ing and ultimately leads to higher heat removal rate clo-
sure to 0.98.

• The novel kenics twist design offered noticeable decrease 
in ΔP and ultimately lower the mass flow rate of the 
working fluid.

• The enhancement of Nusselt number and convective heat 
transfer coefficient in comparison with a simple DSWH 
is between 4.35 to 3.62 times and 4.42 to 3.62 times, 
respectively.

Based on the above findings, it is concluded that the mod-
ified designs of kenics inserts offered significant improve-
ment in the heat transfer along with parallel increment in 
the ΔP. Its magnitude varies indirectly with the length of 
rod and spacer.
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