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This study computationally surveyed the turbulent forced convection flow within U-form
channels enhanced with V-shaped ribs, across a Reynolds number (Re) interval of 1000 to
5000. Applying the finite volume methodology, the two-dimensional governing equations
of continuity, momentum, and energy were solved. The turbulent flow regime was
simulated using Launder and Sharma's low Re k-¢ model. It was found that the average
Nusselt number (Nu), viscous entropy increment, heat transfer enhancement (HTE), and
hydrothermal performance factor are positively correlated with both the increase in rib
height and Re. Conversely, the friction factor and Bejan number (Be) demonstrated a
decline as the Re increased. The optimum hydrothermal performance factor, achieving a
value of 1.66, was observed in a U-form channel with a triangular rib configuration at a rib
height of 1.5 mm and a Re of 5000, where the HTE ratio was recorded at 2.17. These
findings suggest that U-form channels with V-shaped ribs significantly improve the
hydrothermal performance of heat exchangers, enabling more compact designs. This study
contributes to the body of knowledge by detailing the positive impact of rib height and
flow rate on the efficiency of heat transfer mechanisms within U-form channels,

highlighting potential avenues for the design of more efficient heat exchange systems.

1. INTRODUCTION

In recent years, research on varied active and passive
techniques to increase the heat transfer rate (HTR) in the
modern thermal systems have been become important and
essential in order to cover the industry requirements. Using U-
form channel with V-shaped ribs have been successfully
enhanced the HTR in such channel as a compared to the
conventional channels. These can mix the hot fluid near the
channel walls with that in the center of the channel; increase
the turbulent intensity and hence improve the heat transfer.
Numerous researchers have conducted numerical and
experimental investigations into the effect of streamline
curvature on turbulent flows in a curvilinear channel [1-7].

Sturgis and Mudawar [8] performed an experimental study
on HTE in a curvilinear channel, covering a Re interval of
9000-130000. The results demonstrated an enhancement in the
HTR attributable to the flow curvature in channel. Sudo and
colleagues [9] conducted experimental studies on turbulent
flow in a curvilinear square duct. It is observed that when the
bend angle between 0° and 30°, the fluid is accelerated near
the inner wall of channel and decelerated near the external
wall. Yanase and colleagues [10] computationally studied the
convective heat transfer in a curvilinear rectangular duct and
it was seen that the HTR rises as Dean number rises. Sugiyama
and colleagues [11] performed a numerical analysis of
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turbulent flow through a rectangular duct with a sharp 180-
degree turn based on border-fitted coordinate system. Results
showed the algebraic Reynolds stress model that has been used
in this study can be adopted to simulate the turbulent flow in
such shape of duct. Nobari et al. [12] computationally studied
on the characteristics of flow and heat transfer in a rotating U-
bend channel with varied rotating angles. It is observed that
the centrifugal forces are obvious and HTR an increase due to
the effects of surface curvature. Xing et al. [13] simulated of
the turbulent convective flow through helical-rectangular
channel using SST k-o turbulence model. The outcomes
presented that the HTR rises with rising Re. Debnath et al. [14]
analyzed the conduct of thermal and flow features in turbulent
forced convection flow within a rectangular elbow. Numerical
results showed that recirculation regions grow at every bend
and this is accompanied by pressure losses. Wang et al. [15]
achieved a computational study on the characteristics of fluid
flows in a curvilinear pipe within a Re interval of 5000-20000.
Results showed that the separation zone of border layer is
expanded with increasing the value of curvature ratio.
Kanikzadeh and Sohankar [16] executed a computational
study of the turbulent forced convection flow through U-form
ribbed channel with Re spanning from 5000 to 20000.
Findings seen that the ribbed channel display best thermal
performance as a compared with a smooth channel. Vasa et al.
[17] computationally researched the turbulent forced
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convection flow through U-form channel with triangular cross
section over Re interval of 5000-30000. The results indicated
that the HTE increases with an increasing value of Re. Al-
Juhaishi et al. [18] conducted a computational study on the
thermal-hydraulic performance of a curvilinear channel with
oblique horseshoe baffles. It is observed that the assumed
geometry of the curvilinear channel with horseshoe baffles can
lead to an obvious enhancement in HTR compared to a smooth
channel, with an improvement spanning from 2.5 to 3.8 times.
Al-Juhaishi et al. [19] performed a computational study on the
flow field through a curvilinear-rectangular channel with
inclined baffle. Results showed using curvilinear channel with
baffle can enhance the heat transfer with reasonable increase
in pressure losses. Guo et al. [20] showed an experimental and
computational study of turbulent forced convection flow
through a 90° bend square duct. Outcomes depicted that the
thermal enhancement of the 90° curvilinear pipe as a compared
to that for straight pipe is 20%. Giirbiiz et al. [21] achieved
numerical and experimental investigations on HTE in a U-
form tubular heat exchanger with fins. It is found that the rate
of heat exchange improved as well as the pressure drop
increased with the adding of fins. Sanga et al. [22]
computationally studied on the turbulent forced convection
flow in a curvilinear cavity. Results indicated that the HTR
rises with the height of the curvilinear surface but is
accompanied by an increase in the pressure drop penalty. Ratul
et al. [23] computationally examined of HTE in a dimpled -
serpentine channel over Re spanning from 5000 to 20000 and
it is found that the serpentine channel with a dimpled surface
displays 1.47-times enhancement in thermal effectiveness
using water as working fluid.

Ko and Wu [24] computationally surveyed on turbulent
forced convection flow in a curvilinear duct. The local as well
as the overall entropy increment have presented and analyzed
in this study. It is observed the frictional entropy increment
concentrates around the zones close to the surfaces of duct,
while the thermal entropy increment only obviously occurs
adjacent to the external wall of the duct. Wu et al. [25]
computationally surveyed the characteristics of heat transfer
and entropy increment in a helical-coiled tube and the results
showed that the HTE for the helical-coiled tube is 1.35-2.2
times as compared to the straight tube. In addition, the rate of
viscous entropy increment increases with the curvature ratio
of the coil, while decreases with decreasing Re. Korei and
Benissaad [26] computationally surveyed on the entropy
increment analysis and forced convection turbulent flow
through a duct with 3D 90° elbow for Re spanning from 10000
into 100000. Results showed that the obvious enhancement in
the HTR can be attained near the external wall as well as the
minimum entropy increment is attained at Re = 100000.

The current study aims to survey the effect of V-shaped ribs
on the hydrothermal effectiveness and entropy increment
characteristics of turbulent flow through a U-form channel
using finite volume approach. The average Nu, Be, friction
factor, thermal, viscous, and total entropy increments, HTE,
and thermal-hydraulic effectiveness are presented and
discussed. Furthermore, streamwise, isotherms, Be, and
thermal, viscous, and total entropy increments contours are
considered for various Re and ribs heights.

2. PROBLEM DESCRIPTION

Figure 1 depicts the U-form channel that considered in the
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current study. The channel height (H) is 8 mm, length of
straight section (L) is 100 mm and curvatures radius (R) is 10
mm. Four identical V-shaped ribs have been used with rib
heights are (a=0.0, 0.5, 1.0, 1.5 mm) and rib width is (w=5
mm) and the distance between the ribs of (10 mm). The walls
of the channel are uniformly heated with a constant heat flux
of (qg=8000 W/m?). The flow is assumed to be turbulent,
steady-state, two-dimensional, incompressible, and subject to
a no-slip velocity border condition along the U-channel walls.
The flow at the channel inlet is considered fully-developed and
pure water is employed as the working fluid in the current
study.
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Figure 1. Geometry of present investigation

3. GOVERNING EQUATIONS AND BOUNDARY
CONSTRAINTS

The governing equations may be mathematically
represented in Cartesian coordinates as follows [27]:

Continuity equation:
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The current investigation involves the computation of
turbulent-dynamic viscosity utilising the Sharma and Launder
(k-¢) turbulence model. Hence, the mathematical
representation of turbulent eddy viscosity may be expressed as
shown [28]:

k2
e =Cyfup & ®)
Turbulent kinetic energy (k) equation [24]:
9 k 9 k
a(ﬂu )+ x (pvk)
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The symbol ¢, denotes the rate of dissipation of the U-form
channel, as shown by the data presented.
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The equation of turbulent kinetic energy dissipation (¢) can
be given by [28]:

(7

i (pue) + 0 (pve)
5y (Pue 3y pve

0 r 68] 4 d [68] ()
“oxlfaxl " aylay
€
+ (C1f1Pe — Pczfzg)z + 0.
where,
_ u|[o%u\? a%v\? a%u \?
o)+ G 2GR

22 \? a2v\?
() + (2]
In the previous equations, the variable P, represents the rate

of developing turbulent kinetic energy, which may be
expressed as follows:

b = ) <6u)2+(6v>2 +<6u+6v)2
= He dy 0x Jdy Ox
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In the previously mentioned equations, the empirical

constants as well as the turbulent Prandtl number have been
described as follows [28]:

(10)

ox
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The calculations relating to the wall-damping functions and
Re of the turbulent have been carried out in the following
manner [29]:

fi=1.0 (12)
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To solve the previously governing equations, the boundary
constraints are outlined in Table 1 as follows:

Table 1. Boundary constraints of U-form channel [30]

Borders Flow BCs Thermal BCs
U=uy v=0k= é(0.0Suin)z,
3/4;3/2 =T
Inlet o Col k! T=Tp,
(0.07H)
ou =0 v =0 dak =0
of et 9 ar _
Outlet de o % =0
&
Wall =0, v=0, k=0, &=0 o - b
alls u=0, v=0, k=0, &= anl ks

After solving the governing equations, some useful
parameters have been estimated to survey the fluid flow and
thermal fields. The local Nu may be determined by employing
[31]:

H dp

Nu=——"—"—
kf (Tp - Tb)

(16)

In this context, T,, denotes the temperature distribution
along the surfaces, whereas T, represents the bulk fluid
temperature, which may be calculated using the following
equation [31]:

Il pvCpT da

_ A
Ty = Il pvcy da
A

(17)

The determination of the average Nu involves the Nu
integration across a specified inner and external surface as
follows:

— 1t
Nu=—f Nu dx (18)
0

L

The thermal-hydraulic effectiveness, denoted as (PEC),
may be mathematically represented as shown [32]:

_ (Nu,/Nus)
ICYARE

In this article, the symbol f represents the friction factor,
that may be defined as follows [32]:

PEC (19)

H 2
L pu?

f (20)
Furthermore, the average entropy increments for the

thermal S;perma @nd Vviscous dissipation S;g.0.s and along

surfaces may be provided in the following manner [33]:
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Through determining the thermal conductivity and channel
height in a particular approach, dimensionless numbers
representing the averages of the thermal and viscous entropy
increments have been determined as follows:

2
(Sthermal)H = Sthermal X k_f (23)

2

(‘gviscous)H = ‘gviscous X ?f (24)

The average total entropy increment, expressed as a
dimensionless number, may be shown in the manner as
follows as well:

(S_‘total)H = (§thermaZ)H + (§viscous)H (25)

4. NUMERICAL ALGORITHM

The control continuity, momentum, and energy equations
are discretized employing the finite volume approach after
being translated from Cartesian coordinates to body-fitted
curvilinear coordinates. In the governing equations, the
second-order upwind scheme and the central differencing
scheme have been utilized to discretize convection and
diffusion, respectively. The iterative solution has been carried
out using the SIMPLE approach [34]. A Computational Fluid
Dynamics (CFD) code has been created employing the
FORTRAN programming language in order to simulate the
present problem. The computational grid was generated by
solving two Poisson equations. Figure 2 depicts the
computational mesh of the current study at rib height of 1.5
mm. For the purpose to achieve numerical solution
convergence, the convergence criterion of 10° has been
applied a for all physical variables that surveyed.

Figure 2. Computational grid of the present study at a= 1.5,
R=10 mm and w=5 mm

5. GRID INDEPENDENCE TEST AND CODE
VALIDATION

The accuracy of the numerical results, as expected, is
contingent on the mesh size. To explore this aspect, the
average Nu has been examined across various mesh sizes
within the Re interval 1000-5000 at a=1.5 mm (see Figure 3).
It is found that the mesh size of 701>91 (701 mesh nodes in x-
direction and 91 mesh nodes in y-direction) can give mesh-
independent results and it is therefore adopted in the current
study. The average Nu for water flowing at (293 K) in a
straight channel with Re interval of (1000-5000) at constant
walls temperature of (323 K) was computed and compared
with the experimental results of Kilicaslan and Ibrahim Sarac
[35] to validate the computationally generated CFD code in
this study, as depicted in Figure 4. The findings have been
observed to be in acceptable concordance. Therefore, the
average deviation between the numerical results of the current
study and the experimental results was approximately 10%.
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Figure 3. Effects of grid size on the average Nu at a=1.5,
R=10 mm and w=5 mm
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Figure 4. Comparison the present study with the previous
experimental results of Kilicaslan and Ibrahim Sarac [35]
6. RESULTS AND DISCUSSION
6.1 Effects of Re

Figure 5 illustrates the streamwise contours for various Re
at a=1.5 mm. In general, the streamwise velocity distribution



can be obviously affected by the Re. It can be seen that when
the fluid flowing through the U-form channel at Re=1000,
small vortices grow downstream the ribs near the wall of
channel. As Re rises, these vortices rise in size as well as the
flow become more affected and hence improve the fluid flow
mixing in channel. Furthermore, the flowing of the fluid in
channel with U-form curvature can provide additional
enhancement in mixing of the fluid near the walls with that in
centerline of channel.

-0.082 -0.033 -0.004 -0.001 0.006 0.009 0.014 0.059

Re=1000

Re=3000
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Figure 5. Streamwise contours for varied Re at a=1.5 mm
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Figure 6. Isotherms contours for varied Re at a=1.5 mm

Figure 6 depicts the isothermal contours for various Res at
a=1.5mm. Itis apparent that the Re has an important influence
on the thermal border layer thickness at the walls of the U-
channel. With rising Re, the thickness of thermal border layer
decreases, due to rise the velocity gradient at the walls of U-
channel with Re. On the other hand, the presence of V-shaped
ribs inside the channel causes a growing re-circulation zone
downstream of the ribs, as mentioned previously, and
consequently improves the hot water mixing near the walls
with the colder water in the centerline of the U-channel.

Figure 7 displays the thermal entropy increment contours
for varied Re at a=1.5 mm. It has been seen that the thermal
entropy increment gradient at the channel wall increases with
Re, attributed to the increase in the gradient of temperature at
the U-channel wall with increasing Re. Moreover, the gradient
of thermal entropy increment upstream the ribs is smaller than
downstream the ribs with respect to the influence of the re-
circulation regions.

0.000 0.000 0.001 0.003 0.005 0.014 0.060 0.180

Re=1000

Re=3000

Figure 7. Thermal entropy increment contours for varied Re
ata=1.5mm
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Re=5000

Figure 8. Viscous entropy increment contours for varied Re
ata=1.5mm

Figure 8 presents the viscous entropy increment contours
for varied Re at a=1.5 mm. It can be observed that the viscous
entropy rises with rising Re due to rise the frictional
irreversibility with Re.

Figure 9 shows the total entropy increment contours for
varied Re at a=1.5 mm. It is obvious that the total thermal and
viscous entropy increment depend mainly on Re. In general,
the behavior of total entropy increment is the same for the
thermal entropy increment because of the value of thermal
entropy increment is greater than the viscosity entropy
increment as previously presented in Figures 6 and 7. Also, it
is found that the gradient of the total entropy increment at the
U-channel wall rise as Re rises due to increase the gradient of
thermal entropy increment with Re, as depict in Figure 7.

0.000 0.010 0.014 0.023 0.038 0.063 0.082 0.202

Re=1000

Re=3000

Figure 9. Total entropy increment contours for varied Re at
a=1.5mm

6.2 Effect of rib heights

Figure 10 presents the streamwise velocity contours for
various rib heights (a=0, 1.0, 1.5 mm) at Re=3000. With ribs
addition, the re-circulation zones develop downstream of the
V-shaped ribs which lead to enhance the fluid flow mixing in
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U- channel. As the ribs height increase, the size and intensity
of these vortices increase, resulting improve the fluid mixing.
Moreover, the fluid flow velocity in the core of U-channel
rises with rising ribs height due decrease the spacing between
the top and bottom walls. Figure 11 illustrates the isothermal
contours for various rib heights (a=0, 1.0, 1.5 mm) at Re=3000.
As the rib height increase, the thickness of thermal border
reduces due to the effect of re-circulation zones that develop
behind the ribs. These zones work to fluid mixing and thus
lead to decrease the thickness of thermal border layer and
consequently HTE.

-0.082 -0.033 -0.004 -0.001 0.006 0.009 0.014 0.059

Figure 10. Streamwise velocity contours for varied rib height
at Re=3000

Figure 12 depicts the thermal entropy increment contours
for varied rib heights (a=0, 1.0, 1.5 mm) at Re=3000. It is
observed that the thermal entropy increment gradient at the
walls of channel rises with rising ribs height owing to a growth
the thermal border layer gradient as shown in Figure 11. This
is because presence of the re-circulation zones that developed
downstream the ribs can improve fluid flow mixing in channel.
Figure 13 presents the viscous entropy increment contours for
varied rib heights (a=0, 1.0, 1.5 mm) at Re=3000. It is apparent
that viscous entropy increment increase as the rib height
increase, attributed to the enlargement of recirculation regions
with rib height, consequently as a result a rise in frictional
irreversibility. Figure 14 demonstrates the total entropy
increment contours for varied rib heights (a=0, 1.0, 1.5 mm) at
Re=3000. With increasing ribs height, the total entropy
increment decrease due to it depends on the thermal entropy
increment as shown in Figure 12. Because of the decrease in
the thickness of thermal border layer as well as the re-
circulation regions that presence downstream of the ribs which
works on cold water mixing in the core of U-channel with hot
water near the channel walls.
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Figure 11. Isotherms contours for varied Rib height at
Re=3000

0.000 0.000 0.001 0.003 0.005 0.014 0.060 0.180

Figure 12. Thermal entropy increment contours for varied
Rib height at Re=3000

Figure 15 illustrates the relationship between the average
Nu and Re for various rib heights. In general, for all rib heights,
the average Nu shows an increase with Re, as predicted. As rib
heights increase, the average Nu increases due to the
expansion of re-circulation zones that present downstream of

the ribs which improve the fluid flow mixing inside the U-
channel and hence rise the HTR. This finding agrees with the
computational study of the Manca et al. [30] and Salameh and
colleagues [36].
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Figure 13. Viscous entropy increment contours for varied
Rib height at Re=3000
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Figure 14. Total entropy increment contours for varied Rib
height at Re=3000
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Figure 15. Variation of the average Nu with Re for varied rib
heights on PEC at R=10 mm and w=5 mm
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Figure 16. Variation of frication factor with Re for varied rib
heights on PEC at R=10 mm and w=5 mm
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Figure 17. Variation of thermal entropy increment with Re
for varied rib heights on PEC at R=10 mm and w=5 mm

Figure 16 illustrates the friction factor versus Re for various
rib heights. For all rib heights, it is obvious that the friction
factor decreases with a rise in Re. This result corresponds with
the experimental result of Salameh and colleagues [36]. As rib
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heights increases, the friction factor increases when Re<3000.
This indicates that at lower Res, the presence of ribs leads to
raised frictional losses. While the friction decreases as rib
heights rises when Re>4000.

Figure 17 depicts the thermal entropy increment versus Re
for various rib heights. It has been found that the thermal
entropy increment gradually decreases with rising Re (Re >
3000) and rib height. As a result of the presence of ribs that
create a recirculation zone, which in turn improves fluid
mixing and reduces the thermal border layer thickness as well
as the irreversibility of heat transfer, as shown in Figures 7 and
12. Furthermore, the smooth U-bend channel (a=0) provided
the greatest thermal entropy increment compared with other
cases. This happens due to poor fluid mixing and hence
increase the thickness of thermal border layer.

Figure 18 demonstrates the viscous entropy increment
versus Re for various rib heights. It is found that with rising
Re and rib heights, the viscous entropy increment rises due to
a rise in the irreversibility of viscous entropy increment in U-
bend channel. Therefore, the maximum viscous entropy
increment happens at a higher Re and higher rib height.
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Figure 18. Variation of viscous entropy increment with Re
for varied rib heights on PEC at R=10 mm and w=5 mm
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Figure 19. Variation of total entropy increment with Re for
varied rib heights on PEC at R=10 mm and w=5 mm

Figure 19 shows the total entropy increment versus Re for
various rib heights. It can be noted that the total entropy
increment rises when Re<2000, while it decreases gradually



with increasing Re when Re>4000. This behavior is same for
the thermal entropy increment, see Figure 17. In the other
word, the influence of thermal entropy increment is more
dominate than the viscous entropy.
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Figure 20. Variation of Bejen number with Re for varied rib
heights on PEC at R =10 mm and w= 5 mm

Figure 20 depicts the Be versus Re for various rib heights.
In general, it can be observed that Be, which indicates the ratio
of heat transfer irreversibility to total entropy increment, is
gradually decreased with increasing Re. With increasing rib
heights, the Be decreases. This is because, with an increase in
rib heights, the flow becomes more intricate, resulting in
elevated frictional entropy increment and consequently reduce
the Be.

2.2
—@— a=0
20 —4&— a=05mm
. —%— a=1.0mm
a=1.5mm
18 [
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Figure 21. Variation of heat transfer enhancement with Re
for varied rib heights on PEC at R=10 mm and w=5 mm

Figure 21 displays the ratio of the Nu for U-channel with rib
to that for the straight channel without rib versus Re for varied
rib heights. For a given rib height, it is found the enhancement
ratio rises as Re rises. Also, the enhancement ratio rises as the
rib height rises. This is due to when the rib height rise, the size
of re-circulation region increases and hence rise the HTR as a
result enhance the fluid flow mixing in U-channel. Therefore,
the maximum value of enhancement ratio is approximately
2.17 which attained at a=1.5 mm and Re=5000.

Figure 22 presents the variation of thermal-hydraulic
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effectiveness factor (PEC) with Re for various rib heights. For
a given rib height, it can be noted that the effectiveness factor
rises with Re. It is observed that rib height has a clear influence
on the effectiveness factor. At low Re, there is a slight increase
in the effectiveness factor with increasing the rib height.
However, this effect increases as Reynolds increase since the
fluid mixing is improved with rising Re. Also, it is noticed that
the value of (PEC) is less than unity when a= 0 and 0.5 mm
for all values of Re. This demonstrates that the increasing in
the friction losses is the higher than the improvement in heat
transfer. In addition, value of PEC is greater than one when Re
is greater than 3000 and a=1 and 1.5 mm. The highest value of
(PEC) is approximately 1.66 occurs at Re=5000 and a=1.5 mm.
It can be concluded that the optimal selection for rib height is
a=1.5 mm.
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Figure 22. Variation of PEC with Re for varied rib heights
on PEC at R =10 mm and w=5 mm

7. CONCLUSION

In the current investigation, turbulent forced convection
flow through U-form channel with triangular rib has been
computationally analyzed employing finite volume approach
for rib height of (0, 0.5, 1.0, 1.5 mm) and Re spanning from
1000 to 5000. The effect of Re as well as rib height on the
thermal and fluid flow characteristics are presented and
surveyed. Findings showed that the average Nu, viscous
entropy increment, HTE, thermal-hydraulic effectiveness
factor increase with the rib height and Re. While, the friction
factor and be decreases as Re increases. Furthermore, the peak
value of PEC is 1.66 achieved using U-form channel with
triangular rib at rib height of 1.5 mm and Re of 5000 and
corresponding HTE is 2.17. However, designing of heat
exchanger using U-form channel with triangular rib can
provide the best effectiveness with more compact design.
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NOMENCLATURE

a

Rib height (mm)

Be Bejan number

C1,Co,Cu Empirical constant for turbulence model
Cp Specific heat capacity (J/kg K)

f Friction factor
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Damping function
Channel height (mm)
k Turbulent kinetic energy (m s 2)

fu for fu
H

ky Thermal conductivity of fluid (W mt K 1)
L Straight section (mm)

Nu Nusselt number

p Pressure drop (pa)

Pr Prandtl number

Pr, Turbulent prandtl number

ap Heat flux (W m?)

R Curvature radius (mm)

Re Reynolds number (Re = puin/p)
S Entropy generation (W m3 K 1)
T Temperature (K)

u, v Velocities components (m s 1)
w Rib width (mm)

X, Y 2-D Cartesian coordinates (mm)

Greek symbols

u Dynamic viscosity (N s m2)
Ut Turbulent dynamic viscosity (N s m2)
p Density (kg m™)
Dissipation rate of turbulent kinetic energy
(m?s7)
Ok, O Empirical constant for turbulence model
Ap Pressure drop (pa)

r Diffusion coefficient

&n Body-fitted coordinates
Subscripts

a average

b Bulk fluid

eff effective

f fluid

i inlet

p Plate (surface)

r rib

Smooth surface

Abbreviations

FVM
PEC

Finite volume method
Performance evaluation criteria





