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A Study on an Optimal Thermohydraulic Performance of
Three Sides Artificially Roughened and Glass Covered
Solar Air Heaters

Ashwini Kumar, Mahmood Alam

Abstract— Providing artificial roughness on the air flow
side is an effective technique to enhance rate of heat
transfer in solar air heaters, which results in associated
higher value of friction factor, which necessitates more
power required. A novel solar air heater duct with three
artificially roughened sides has been analyzed (Prasad et.
al., 2014) for more increase in heat transfer than that in
only one side roughened solar air heaters. Artificially
roughened solar air heaters have been analyzed (Prasad
and Saini, 1991) and investigated (Verma and Prasad,
2000) for optimal thermo hydraulic performance. The
present analysis, for optimization of thermo hydraulic
performance a three sides artificially roughened solar air
heaters concludes that the value of optimization

parameter e;pt ~23.15, gives the maximum value of
heat transfer for the minimum value of friction factor.

Index Terms— Relative roughness pitch (p/e), Relative
roughness height (e/D), Flow Reynolds number (Re) and
Roughness Reynolds number (e+).

Nomenclature

B SYAntB A8 s fthess parameter; B = G

1.
C' Efficiency roughness parameter; C"' =2.5Ine” +55-R,,

D Hydraulic diameter of solar air heater duct, m
e Roughness height, m
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e, Optimal value of e”

Fricti ; )
%}Hrﬁé%ﬂ B985 fer roughness function; G, =4.5(e")
L' Efficiency parameter; L' =C™' — B
P Pitch of roughness element, m
PRl Qughrtirifumber
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o2d¢he o enhancement of heat transfer

¢, Turbulent prandtl number
f. Friction factor in rouhened collector

f, Average friction factor
e Reomidunt whsS fer roughness function; R ,, = 0.95 (p/e) "

/s Friction factor in smooth collector

S, Stanton number
S: Average stanton number

S Average stanton number (present case)

W Width of solar air heater
4\ less velocity;u/y/t,/ p

A f?fllg?lgri%rﬁl%lfs"\c’ﬁlsltilrllce; (y/o)yT,/ P
o' Transition sub - layer thickness, m
0" Laminar sub - layer thickness, m

n — PR
n éffidfency parameter, defined by Eqgs.(8),(9) and (10)

INTRODUCTION

Flat plate collectors are widely used in low temperature
energy technology and have attracted the attention to
researchers in a wide range. A number of designs of solar air
heater have been developed over the years to refine their
enactment. The thermal efficiency of solar air heaters is
usually low due to low value of heat transfer coefficient
between absorber plate and flowing air which raises the
absorber plate temperature, leading to higher heat loss. For
coefficient several
iﬁ{restigators have contributed for several roughness
geometries. (K. Prasad and Mullick, 1983) utilized artificial
roughness in a solar air heater in the form of small wire to
raise the heat transfer coefficient. (Prasad and saini, 1988)
analyzed for fully developed turbulent flow in a solar air
heater duct with small diameter profusion wire on the
absorber plate. (Gupta, Solanki and Saini, 1997) used
continuous ribs at inclination of 60° and found that the
operating flow rate shifted to the lower value as the relative
roughness height increases. (Karwa et. al.,, 1999) used
chamfered rib roughness on the absorber plate and found that
at low flow rate, higher relative roughness height yields a
better performance.
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Fully developed turbulent heat transfer and friction factor for
an artificially roughened ducts, annuli and tubes have also
been widely studied by (W.Nunner, 1958; Webb Goldstein et.
al., 1971; Han, 1984; Lewis, 1975; Sheriff and Gumley, 1966;
Dipprey and Sabersky, 1963; V.kolar, 1964; Owen and
Thomson, 1963; Donne and Meyer, 1977; Edwards and
Sheriff, 1961; Webb and Eckert, 1972; Prasad and saini,
1988; B.N.Prasad, 2013). The recent work of (Prasad. B.N,
Behura K.Arun and Prasad. L, 2014)., for fully developed
turbulent flow heat transfer coefficient and friction factor in
three sides artificially roughened solar air heater duct with a
large aspect ratio (W>>B) novel one where, correlations
predict the effect of roughness and flow parameters (p/e, e/D,
Re) on heat transfer for fully developed turbulent flow to be
even better than normal (one side roughened) solar air
heaters. As the enhancement of heat transfer coefficient is
attempted, it always goes with an increment of pressure drop
and the requirement of pumping power is increased. So, there
is a need to optimize the system to maximize heat transfer
while keeping friction losses as low as possible. Analysis for
the optimal thermo hydraulic performance of rough surfaces
(circular tube with ribs) to heat exchanger design was made by
(Webb and Eckert, 1971)., covering a wide range of the
values of heat transfer surface area (A), overall heat
conductance (k) and flow friction power (p), to obtain the
conclusion that the value of parameter,

found the value of roughness Reynolds number, e = 35, for
the optimum solution. (Prasad and saini, 1991); has
constituted a particular set of values of roughness and flow
parameters to give the value of roughness Reynolds number,
e" = 24, for optimum condition .Optimal thermo hydraulic
performance of solar air heaters has been investigated
(Prasad and Verma, 2000); for the maximum heat transfer and
minimum pressure drop and got the value of ¢” =24. In
addition, a number of investigators have shown their interest
and have worked on different roughness geometries. (Mittal
and Varshney, 2005); has worked on optimal thermo
hydraulic performance of wire mesh packed solar heater.
Second law optimization of solar air heater having chamfered
rib groove as a roughness element has been analyzed by
(Layek, et. al., 2007). (Karmare and Tikekar, 2008),
investigated for optimum thermo hydraulic performance of
solar air heater with metal rib as a roughness element.

Based on the analysis (Prasad et. al., 2014), the present work
deals with a methodology for thermo hydraulic optimization
of three sides (top and sides) artificially roughened solar air
heater for maximum heat transfer and minimum friction loss.

Methodology of optimization
The methodology of optimization adopted is similar to those
of (Lewis, 1975., Prasad and Saini.1991), that a
dimensionless roughness parameter, ¢' (roughness Reynolds

roughness Reynolds number, ¢ ~ 20, gives the optinf#I®Rffjecould plausibly form a basis to analyze for optimal

For optimal performance of rough surface (circular tube with
ribs) (Lewis,1975); introduced new efficiency parameters
(L', B,C",Gy and Ry) and arrived at the conclusion that the
value of the roughness Reynolds number h™ = e =20,
corresponds to the optimal condition. (Sheriff and Gumbley,
1966); has studied for annulus with wire type roughness and
= _ (w+as) f+Wh

YT W+E

Tr — fril
Str - LT j . - E.|I:I 53
L4+ (4.5 1028 py 05 -—n.l;sl_ry 1

thermo hydraulic performance of artificially roughened solar
air heaters with large value of aspect ratio and is based on the
correlations developed (Prasad et. al.,2014), for friction
factor and heat transfer in three sides artificially roughened
solar air heaters, under the conditions that the law of wall
similarity could be applied to both the velocity and
temperature profiles, written here under as Eqgs.(1) and (2)
respectively:

(M
2

Where, for W/B>>1, f has been substituted as that of (Webb, et. al, 1971), written under as Eq. (3)

£

= L0532 s z
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Consequently, Eq. (1) could be written to be Eq. (4) as under:

(wr 1 250 | -

rT (W +5)

)

“

Now, Eq. (2) could be written in terms of the heat transfer function both Gy (¢”, Pr) and Ry (¢), on the roughness geometry only
and independent of the flow cross sectional area (Dalle Donne and Meyer, 1977)., as Eq. (5) under:

St = UGy —Ry) |

1447 2
Where, G,, =4.5 (e+)0‘28pr0'57
and Ry, = 0.95(p/e)*>

The optimization parameter,7] for the present case of three rough surfaces is defined as

(5=
VSEe o
1 :T'E::T = WU '-"}:'JR:-:}
g
This can further be written as:
n-(f.etect)
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This could further also be represented as:
1= (f.L7%) (10)
Where,

B™'=Gy — B Ry =45(e")"*R" — P, x

0.95(p /&)
(11)
C'=25Ine" +55-R,, =2.5Ine* +5.5-0.95(p/e)"> (12)
L'=Cc"'- B"' (13)
=11 =25In a++5.5—ﬁ”—f-?“__.{1 —P;.L_} (14)

Also, that, the following equations could be used:
_ -0.25
fs=0.079Re™ e
5t,= 0.023Re™2p "¢ (16)

fr. f and 5t; can be calculated by using Eqs. (3), (15) add (16) respectively. Under prescribed assumption for W & B, p/e (10
-40) and e/D has been selected in such a way that the roughness height is in the order of or slightly greater than laminar sub layer
thickness and has found the optimum condition at e, ~ 23 (optimum roughness Reynolds number) which has
been shown in Figs. 1, 2,3 & 4 and Table (1).And also, Figs.1 &2 show the comparative variation of effect of roughness

Reynolds number (e¢") for different values of relative roughness pitch (p/e) on Stanton number roughness parameter (B™') and
efficiency roughness parameter (C™) respectively for present and referred (Prasad and Saini,1991) cases.

e/D=0.0279(Preseant Case)
e/D=0.0205(Prasad and Saini,1991)

— (1) ple=10(Preasent case) Re ~ 3000 —20000 (for the both cases)
— (2) p/le=10(Prasad and Saini,1991) )
10 — (3) p/le=20(Present case)

—— (4) p/e=20(Prasad and Saini,1991)
—— (5) p/le=40(Present case)
—— (6) p/e=40(Prasad and Saini,1991) @)

8

6 ®)

B

4 ®)

2

0

5 10 15 20 25 30 35 40 45 50 55 60 65 70
e " =e/Dyf./2Re

Fig. 1. Effect of " on B for varying p/e
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e/D=0.0279(Present Case)
e/D=0.0205(Prasad and Saini,1991)
— (1) ple=10(Present Case) Re ~ 3000 — 20000 (for both the cases)
—— (2) p/e=10(Prasad and Saini,1991)
14 | —— (3) ple=20(Present Case) 1)
—— (4) p/e=20(Prasad and Saini,1991)
—— (5) p/e=40(Present Case)
— (6) p/e=40(Prasad and Saini,1991)

12 @ (3)
10
%
8
c' /

5 10 15 20 25 30 35 40 45 50 55 60 65 70

e =e/D\(f,/2Re — =
Fig. 2. Effect of e" on C™ for varying p/e

It is obvious from Figs.1&2 that, both the parameters (B" and C') have greater values for present case as compare to (Prasad
and saini, 1991) and as L' is the function of B and C', the variation of ¢" on efficiency parameter (L") for varying values of p/e
would be greater than referred case, which has been shown in Fig.3 for Re = 3000 —20000.

e/D = 0.0279 (constant for p/e= 10,20 &40)

i :((12))9;7;200 Re ~ 3000 — 20000
a6l (3) p/e=40

4.4

42

4.0 N
38 @ (1
T 26 /\@)

3.4

3.2
3.0
2.8
2.6
24
22
2.0

5 10 15 20 25 30 35 40 45 50 55 60 65

e =e/Dyf,/2Re

Fig.3. Effect of e on L™ for varying p/e

Here roughness Reynolds number (e* = e/D f_r/ 2 Re) Constitutes a specific set of values of roughness and flow

parameters p/e, e/D, Re to obtain e(fpl ~ 23 . These set of values vary with variance in either of values of p/e, ¢/D, Re,

individually, which has been shown in the form of design curves to give the optimal thermo hydraulic performance of three
sided artificially roughened solar air heater.
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Now, the optimal thermo hydraulic performance equation may be given by:
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Table (1) Range of efficiency parameter L™ as a function of ¢" and p/e

Ple=10

e, =e/Dyf, /2 Re=23

This forms the base for optimal performance curves for the roughness and flow parameters. The values of f have been
calculated from Eqgs. (4) & (15). For the given values of parameters, Re=3000-20000; p/e=10-40 and values of e/D have been
calculated by using Eq. (17) and the results have been presented in the form of design curves as shown in Figs. 5.1,5.2 &5.3.

P/e =20
L' e L' e
4.143224 17 4.000322 17
4.180075 22 4.037173 22
4.181923 23 4.039021 23
4.177088 24 4.034186 24
4.181683 25 4.038781 25
4.179871 26 4.036969 26
4.17343 28 4.030528 28
4.163822 30 4.02092 30
4137277 34 3.994375 34
4.2
Cpt ® 23 o
23
25
26
\ 24
\\ 28
A 30
4.0 \\ ;Z
3.9
3.8
10 20 25 30 40
ple— =

P/e =40

Fig.4. The efficiency parameter L' as a function of p/e & ¢

230

L
3.793982
3.830833
3.832681
3.827846
3.832441
3.830629
3.824188
3.81458

3.788035
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0.09
0.08 Re=3000
0.07
T 0.06 4000
Y 5000
0.04 6000
7000
0.02
10 15 20 25 30 35 40
p/le —

Fig.5.1 Optimal thermohydraulic performance curve for three sides artificially roughened solar air heater for Re=3000 to 8000.
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Fig.5.2 Optimum thermohydraulic performance curve for three sides artificially roughened solar air heater for Re=9000 to 14000
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Fig.5.3 Optimum thermohydraulic performance curve for three sides artificially roughened solar air heater for Re=15000 to 20000

Results and Discussions

Fig. 5 shows the range of optimal values of /D as a solid function of Re and p/e, however the values monotonously increasing
with the increase in p/e beyond 10 and decreasing with increase in Re, and therefore; the optimum roughness parameters are
selected according to the flow condition of the system. The range of optimum values of e/D as a function of Re in the relative
roughness pitch range of 10 < p/e < 40has been shown in Fig.6. Therefore the choice appears to be wider at low flow

Reynolds number but at high flow Reynolds number the effect of p/e appears to vanish. For a given Re and for p/e in the range
of 10 < p/e < 40, the optimal range of e/D is fixed, which has also been shown in Fig.6. Fig.5.gives the optimal range of e/D

for Re=7000, that lies between 2.6232 x107 and 3.6825 x 107 It has been seen that fore/D >3.6825x107, the

roughness height protrude so much in hydrodynamic boundary layer, and for &/D < 2.6232 x 107 in combination with p/e <
10, reattachment of free shear layer is absent. Both the above conditions are not propitious because a high protrude roughness
element leads to so high pressure drop without adding correspondingly to heat gain, but the non-reattachment of free shear layer
reduces the heat transfer drastically, (Edwards and Sheriff,1961) and (W.H.Emerson,1966)., and therefore both the conditions
result in the degradation of the performance. In
order to explain the effect of roughness height it has been shown (M.Necati Ozisik, 1985) that for hydro- dynamically smooth
condition, roughness heights are too small that all protrusions lie within the laminar sub-layer and there is no effect of
roughness. For this, only laminar shear stress is dominant and the turbulent shear stress has no existence. The expression for
laminar shear stress is given by:

T, = puéu/ Sy = pvou/dy (18)
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0.08 (e/D),, forl0 < p/e <40
0.06
e/ D),,Range qn.28[H.Rouse and J.W.Howe(1953)]
e/D 0.04 qn.29[J.A.Roberson and C.T.Crowe(1975)]
Eqn.27[Prasad and saini(1991)]
0.02
0.00
0 5000 10000 15000 20000

Re —

Fig.6. Optimal range of e/D

On solving Eq. (18), for constant T, and u=o, at y=0, we have,
y=pvult, (19)
In terms of dimensionless parameters y+and u", the linear velocity profile of laminar sub-layer is given by:

u =y 0<y <5

ie., ul/\t,/p or, ylvir,/p<5 (20)
Or, T, =u’p/25 21
Egs. (19) & (21) yield
y=25v/u (22)
Eq. (22) gives the laminar sub-layer thickness for hydro- dynamically smooth condition in terms of Re may be written as:
y/D =25/Re (23)

By replacing ‘y’ to ‘0 " (laminar sub-layer thickness) Eq. (23) may be rewritten as:
8"/D=25/Re (Prasad and Saini, 1991) (24)
The value of this parameter has been shown in Fig.6, which defines the limit of laminar sub-layer. As, there is no well-defined

line of demarcation between turbulent and laminar flow, the dimension & ' therefore arbitrarily represents the distance from the
boundary at which the flow changes from predominantly laminar to being predominantly turbulent (Rouse and Howe,1953).,

(N.B.Webber,1965) and (H. Rouse,1946). Here the dimension 8 = y* =11.84 (the intersecting point of the linear and
logarithmic profiles of velocity), as shown in Fig.7. (Roberson and Crowe, 1975).

u
R
Turbulent
uer Lny
¥ q |
- Transition
| -
=7
T L __I_L
5 y*e 1184 ]
l ] Lominar ,usxy

Fig.7 Velocity distribution adjacent to wall.
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An expression for 8 in terms of hydraulic diameter has been given by, (Rouse and Howe, 1953)

§'/D=58/Re’" (25)
(Roberson and Crowe, 1975)., had given the value of y+ as 11.84, which gives the value of S as:
85 /D=(11.84)*/Re (26)

The values of 8 / D given by Egs. (25) & (26) have been plotted in Fig.6, which shows that the optimum values of ¢/D are
higher than the value of O '/ D obtained from Egs. (25) & (26), which indicate that the optimum roughness height (e) is
slightly greater than 5. Fig.8 shows the physical flow conditions obtained in the system, in which Fig.8 (a) shows no effect on
roughness at € << S , Figs.8 (b & c) showat € > 6 ' , that the artificial roughness is such that it disturbs the region beyond
the transition limit into turbulent, without interfering into the turbulent core and show the optimum condition and Fig.8 (d)

shows ate >> 3’ , that roughness has more effect on fluid pressure as compared to heat
transfer, as it disturbs the turbulent core leading to high friction loss without corresponding enhancement of heat transfer.

II

Turbulent
jus Eny

+— S PRSP e

i ——

Tramsition |
!

—— e i e —— —— — T | S . i

Laminar
N

t

Turbulent
| nf

.!__ S e P et P e g o el LT - Rt LI L A R, —_—

Transition

1
T urbulent
|ues Eny

| .:t.._ - _)/,._—::_\

| Transition

|
b

Turbuient .'lﬂ"'\- f‘rn:l:l!bl-e irterference in |
 uac Epy . ., turbulent core

| - -—
4 oueow agifc Dony seds petan

Transition

-tLamﬁ'nT
id s

Fig.8. Effect of height on the laminar sub-layer. (a)e << 38 .(b)e =5 .(c) e > S (optimum condition).(d)e>5 .
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Table (2) Values of €opt found for different roughness geometries

SL.No. References Roughness  geometry
type
1. Sheriff and Gumley Annulus with wires
(1966)
2. Webb and Eckert Rectangular
(1972)
3. Lewis (1975) Circular tubes with ribs
4. Prasad and saini Rectangular duct with
(1991) thin wires on two sides
roughness
5. Prasad et al., (2015) Rectangular duct with

thin wires on three sides
roughness

p/e e/D Re e,
10 _ 10* —2x10° 35
10—40 0.01-0.04 6-100x10~> 20
- - — 20
10-20 0.020-0.033 5-50%107 24
10-40 0.01126-0.0279  3_50x10> 23

Table (2) shows the optimum values of roughness Reynolds number developed by different authors on their respective range of

roughness parameters.

CONCLUSIONS

On the basis of the results and discussions of the present
analysis the following conclusions have been drawn:-

For a particular set of values of roughness and flow
parameters it has been found that the optimized conditions
always correspond to a fixed value of roughness Reynolds

(e =g;ﬂﬂll("_%) Re)~23.15.

number opt

Efficiency parameters (B”,C" & L") of three sides roughened
solar air heaters for flow and roughness parameters, relative
roughness height (e/D),relative roughness pitch (p/e) and flow
Reynolds number (Re) have greater values as compare to
(Prasad and saini, 1991).

For three sides artificially roughened solar air heaters, optimal
thermo hydraulic performance conditions have been obtained
when roughness height is slightly higher than transition

sub-layer thickness (5 ).

Relationship between flow parameters and roughness has
been presented in the form of performance curves that gives
an idea for the selection of these parameters to obtain the
optimal thermo hydraulic conditions for three sides artificially
roughened solar air heaters.
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