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Application of A Groundwater Cooling System as Thermal
Barrier to Establish A Comfortable Environment
' Ting- Yu Chen, * Hsin- Hua Wu

'Department of Landscape Architecture, National Chin-Yi University, Taichung, Taiwan
Email: 'tychen@ncut.edu.tw, *selina2751@gmail.com

ABSTRACT
/T

aiwan is limited in space with dense population, and is located in sub-tropical region with high ambient

\

temperature and humidity. The development of buildings must consider issues on the climatic condition,

population, and land usage. In recent years, changes of social structure and nature of work cause

people to stay indoors longer. Thus, pursuing a comfortable indoor working and living environment is

become an important research topic. Thermal barrier technologies have become an important energy-

saving for space heating and cooling of residential and commercial buildings in many countries.

Building energy efficiency can be improved by implementing either active or passive energy efficient
strategies. Improvements to heating, ventilation and air conditioning systems etc. can be categorized as

active strategies, whereas, improvements to building envelope elements can be classified under passive

strategies. Using groundwater cooling system as thermal barrier is one of the effective passive
strategies. Groundwater cooling system is composed of galvanized iron pipes located inside of walls.

Fluid flows inside the pipes and then supply constant cooling temperature. In the study, system using of
groundwater as renewable energy source for pipes cooling. The groundwater at depth of more than 5
meters below the surface has constant temperature year round. Lower temperature groundwater would
cool the pipes of system by heat exchange process to achieve the cooling effect of wall. In this research,

cooling wall system was evaluated to reduce the thermal transfer from sunlight into the buildings, thus
reducing the electricity consumption needs for air conditioning of the buildings.

Keywords: Groundwater cooling system, Thermal barrier, passive strategies.

L. INTRODUCTION

Under the effects of global warming and the rapidly exhausted fossil fuels in the 21st century, the
renewable energy source and clean energy are proposed by many experts and scholars, hoping to reduce
the environmental impact. The subterranean heat and cold resources are one of the projects discussed,
making them into substitute energy and the practical application of research have become the research
objective of renewable energy source (Heng and Rybach, 2005; Okubo et al., 2003; Taniguchi et al.,
1998; Taniguchi et al., 2005). The underground temperature distribution is used to evaluate the climate
change in the past, the groundwater temperature is derived not only from transfer, but also from the
convection with surface water (Miyakoshi et al., 2003). Generally speaking, the groundwater
temperature remains constant, but some documents indicate that the groundwater varies with
woodcutting, urbanization even climate change (Taniguchi et al., 2005). The groundwater temperature

is obtained generally by setting borehole or deep well, the Water Resources Agency, Ministry of
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Economic Affairs, has located deep and shallow wells in various places of Taiwan to survey
hydrogeological information. At present, some documents have indicated that using geothermal and
underground cooling systems as alternative energy sources is feasible (Heng and Rybach, 2005;
Grant,2012; Antonio and Matteo,2013; Ampofo et al., 2011). The (groundwater) temperature over 5 m
below the surface almost remains constant all the year round, as the depth increases, the temperature is
lower than the air temperature in summer daytime, the water temperature in the depth of ground is
enough to warm the house in winter. If the underground "cold" and "heat" resources can be used
properly, the thermal circulation indoor temperature control system can be built for cooling/thermal

insulation.

II.EXPERIMENT METHOD

The underground cold/geothermal application depends on groundwater temperature stability and flow
velocity. A constant groundwater temperature can provide cooling source or heating source for the
building walls effectively, and a stable groundwater velocity decides whether the heat source can diffuse
in time, so as to keep the heat exchange stable. In the pilot test, the influence of detailed pipe system
design and the recirculation system on the variation of groundwater temperature is studied using
concrete testing walls. The pilot-test system consists of heat exchanger, concrete testing sample, water

recirculation pump, solar energy plate and the monitoring system as shown in Fig. 1.

Fig. 2 shows the computer model using CFD (Computational fluid dynamics) of the testing wall plate
module to simulate temperature variations of the concrete wall, metal pipes and the groundwater
flowing in the metal pipe. Denser grids are provided for locations where more vigorous heat exchange is
expected so that the simulation results represent the real situation. As shown in Fig. 3, the results using
30 w to 250 w cells indicate that the grid with 150 w cells is neither divergent nor convergent with stable
and satisfactory simulation results; this grid is used for conducting all subsequent simulations based on

0.1m3/hof19 groundwater.

Fig. 1 Installation of the pilot testing concrete wall plate
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Fig. 2 schematic diagram of the concrete wall plate embedded with S-shaped groundwater

cooling pipe system
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Fig. 3 Detailed establishment of grids

The recorded parameters of pilot test will be used as reference, combined with the simulation program
Fluent-CFD (Computational fluid dynamics) to simulate the temperature transfer among the sun, the
concrete wall, metal pipes and the groundwater flowing in the metal pipe. The CFD is an actively
developed science, theoretically it studies and describes various linear equations of fluid. In engineering
applications, the purpose is to use the computer numerical calculation to prove the test results and to
improve the design. The simulation of natural ventilation of buildings was studied since the 1970's. In
recent years, as the computer arithmetic capability is enhanced greatly, the computer simulation
program of CFD is used to simulate the thermal environment to predict the effect of sun illumination on
the buildings. This study uses finite difference to control volume approximate numerical method, and
uses the assumed computing mesh to analyze the distribution of velocity field and temperature field in
the site space. The "grid system" divides the region to be calculated into appropriate grids, each grid
contains a computing point, and a set of continuity equations for the mass, energy and temperature field
in the site space. The "grid system" divides the region to be calculated into appropriate grids, each grid
contains a computing point, and a set of continuity equations for the mass, energy and momentum

conditions of each grid is used for iterative operation. Different grids are used for model grid
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independence test in the simulation process. A point of the model is selected as reference point , different
heights are selected for grid test analysis. There are seven groups of analyses for grid test analysis. This
study simulates the convection heat transfer instantaneously, the time average of physical
characteristics is discussed through quasi-static process, so as to obtain highly reliable results. The

governing equation for the flow field is expressed as follows:

pi—p(ﬁ-‘?)f’ = -VP+pg+uV¥ (1-1)
ct

The pressure term, gravity term and shear force term of object are on the right of equal sign.

=l N .
pCP£+ V-V)pC,T=V-(kVT)+ D +q
ot
(1-2)
The thermal diffusion, viscosity diffusion and heat source term of object are on the right of equal sign.
Py tP
PR (1-3)
—T
M,

T * Temperature ; p - Density ; Cp - Specific Heat ; q : Heatsource (meansolarradiation) ; R -

Gasconstant ; MW © molecular weight of gas.

Where -NP is the pressure force; o0& sthe gravity force; Iir"?'zl?_" s the shearing force; V.- (kVT)

is the conduction dissipation; u® is the Viscous dissipation; and eq is the Heat generation.
II1. RESULTS AND DISCUSSION

3.1.Ambient temperature analysis and monitoring

According to long-term monitoring of onsite groundwater temperature, the groundwater temperature
remains stable in various months, the winter and summer have slight effect on the groundwater
temperature. The temperature of the water near the surface rises in summer, but the difference is slight.
The analysis of quality of groundwater (including alkalinity, iron ion and turbidity which are likely to
influence the heat exchange condition) shows that the analyzed water alkalinity is 124 mg CaCO3/L, the
iron ion concentration is lower than the instrument detection limit and the water quality item nutritive
salt, the concentration is in the reasonable range, it is unlikely to scale influencing the temperature
exchange. The groundwater heat exchanger experiment shows that the groundwater temperature rises
obviously in the daytime from 20 to 25-27, and falls to 21-22 at night, meaning the wall temperature
influences the groundwater through the pipeline, increasing its temperature, but the heat is removed
with water flow, not accumulated in the well. In terms of weather environment, the research time is July

of summer, the daily mean temperature is 29.1 in Taichung in summer, the maximum monthly mean
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temperature of July is 35.3, the minimum temperature is 23.8, the maximum instantaneous wind speed

is 11.2m/s, and the average wind speed per 10 minutes is 5.2m/s.

3.2. Wall cooling circuit simulation analysis

In the pilot test, the concrete is combined with pipeline for experiment, so as to evaluate how the
groundwater takes away the heat inside the wall transferred from sun illumination to the wall after the
groundwater flows through the pipeline. Four conditions are evaluated, which are the thermal effects of
2,4, 6 and 8 crooked pipelines in the wall (Fig. 4). Dense grids are located in the junction where the heat
exchange is violent, so that the simulation results are closer to the actual situation. The simulated flow
rate is set as 0.1 m3/h for the groundwater cooling simulation analysis, the imported groundwater

temperature is setas 19. The analysis and discussion are described below:

Fig. 4 2, 4, 6 and 8 crooked pipelines in the wall

3.2. Wall cooling circuit simulation analysis
The sectional view of the cooling wall is shown in Figure 5 The section LH approaches the outer wall,
LO is the section the groundwater cooling pipe goes through, LL is close to the inner wall near the

interior; LH and LL sections are 5 cm away from the intermediate cooling pipeline.

a. 2 crooked pipeline through the wall

When the groundwater at 19 flows through the wall at 0.1 m3/h, the outer wall (Section LH) is exposed
to the sun, its temperature rises gradually (Figure 6), the temperature is higher than 40. However, under
the effect of the cooling pipeline, the temperature near the pipeline falls to 36; the temperature between
pipelines rises to 39. The Section LO shows large temperature difference, the temperature near the
pipeline is 19, the temperature between pipelines rises to 34. The section near the inner wall (Section
LL) has slight temperature change, the temperature near the pipeline is 28, the temperature between

pipelines is about 30.
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Fig. 6 Distribution of thermal transportation at the cross- sections for the 2-lap crooked pipe
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b. 4 crooked pipeline through the wall

The layout of 4 crooked pipeline is initial pilot test planning, the simulation factors are found by onsite
wall setup, the error value can be corrected, and the correct simulation planning can be found.
Therefore, the simulation result is identical with the actual monitoring value (Figure 7). The outer wall
(Section LH) is exposed to the sun, the maximum temperature is 38 in the wall between pipelines, the
temperature near the cooling pipeline falls to 36. The Section L0 has large temperature difference, the
temperature near the pipeline is 19, that between pipelines rises to 32. The section near the inner wall
(Section LL) has slight temperature change, the temperature near the pipeline is 28, that between the

pipelines is about 30.
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¢. 6 crooked pipeline through the wall

The groundwater cooling pipe is located in the wall for cooling the wall (water temperature is 19, flow
velocity is 0.1 m3/h). When the wall is equipped with 6 crooked cooling pipe (Figure 7-3), the outer wall
(Section LH) is exposed to the sun, the temperature rises gradually, the ambient temperature makes the
wall temperature higher than 40. However, due to the cooling circuit, the temperature near the pipeline
falls to 36; the temperature between the pipelines only rises to 37. The Section LO shows large
temperature difference, the temperature near the pipeline is 19, that between the pipelines rises to 30. As
the 6 crooked pipeline is relatively dense, the cooling effect acts on the outer wall section and inner wall
section, the maximum temperatures of outer wall section (LH) and cooling pipe distributed section
(LO) are 39 and 34, lower than Condition a (2 crooked cooling pipe) by 1-2. The section near the inner
wall (Section LL) has decreasing temperature difference, the temperature near the pipeline or between

the pipelines is kept at 28-29.
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Fig. 8 Distribution of thermal transportation at the crosssections
for the 2-lap crooked pipe layout
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d. 8 crooked pipeline through the wall
Under conditions 1. 8 crooked cooling pipeline (Figure 9), when the groundwater at 19 flows through
the wall; 2 the outer wall condition is affected by sun illumination, its temperature is also higher than 40.

The temperature of outer wall (Section LH) is influenced by the cooling circuit, falling to 35 to 36.

The Section LO shows decreasing temperature difference, the temperature near the pipeline is 19, that
between the pipelines rises to about 27. The temperature of the section near the inner wall (Section LL)
remains at about 28. Compared with Section L0, the maximum temperature of LO (temperature between
pipelines 27) has been lower than the maximum temperature of Section LL (temperature between
pipelines 28). The results show that the heat is not transferred from the outer wall to the interior in this
state. The analysis result of this layout also shows that the cooling circuit influences the outer wall, the
wall temperature remains at 36. This result will influence the external microclimate, so that the sun

illumination will not multiply the thermal effect on the surroundings of wall.
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CONCLUSIONS
To sum up the experimental analysis and simulation conclusion, this study involves groundwater
temperature analysis, construction of underground cooling system, analysis of heat transfer between

groundwater and wall, described below:

5.1 Conclusion
1. The groundwater temperature remains stable in various months, the temperature of the water near
the surface rises in summer (19-21), but the difference is slight. In terms of weather environment,
the daily mean temperature is 29.1 in Taichung in summer, the maximum monthly mean
temperature is 35.3 in July, the minimum temperature is 23.8, the maximum instantaneous wind

speedis 11.2m/s, and the average wind speed per 10 minutes is 5.2m/s.
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2. According to the analysis of quality of groundwater (including alkalinity, iron ion and turbidity
which are likely to influence heat exchange condition), the water alkalinity is 124 mg CaCO3/L,
the iron ion concentration is lower than instrument detection limit and water quality item nutritive
salt, the concentration is in the reasonable range, it is unlikely to scale influencing the temperature
exchange.

3. The simulation analysis shows that the maximum temperature of LO (temperature between
pipelines is 27) is lower than the maximum temperature of Section LL (temperature between
pipelines is 28), meaning the heat will not be transferred from the outer wall to the interior in this
state.

4. The simulation results reveal that the distance between two adjacent pipe sections influences the
thermal transfer within the wall. More closely spaced pipe layout will assist in maintaining lower
temperature on the inside wall surface.

5. The 6-lap crooked pipe layout is found to be the optimal for the experimental conditions used in this
research

6. An appropriate groundwater flow rate is necessary to effectively carry away the heat without
wasting the operational energy and associated cost. The simulation results will be valuable

references for future implementation of the proposed groundwater- based building cooling system.
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ABSTRACT

4 N
In this paper, we investigate the effects of variable thermal conductivity and Newtonian heating on the

stagnation point flow of Casson fluid over exponentially stretching sheet. The governing partial
differential equations which govern the fluid flow are reduced to ordinary differential equations by
imposing suitable similarity transformation. The boundary layer equations are solved numerically
using a finite-difference scheme for some embedded parameters, such as the Deborah number B, ratio of
free stream velocity to stretching rate A, fluid variable thermal conductivity €, Prandtl number Pr and
Biot number Bi. The velocity and the temperature profiles within the boundary layer region are depicted
in the form of graphs.

Keywords: Casson Fluid, Newtonian Heating, Variable Thermal Conductivity.
o /

L.INTRODUCTION

The final output of certain products which have undergone industrial processes very much depend on
the rate of stretching and heat transfer. Sometimes, linear stretching is imposed and sometimes, non-
linear stretching is essential in order to get the final desired output. Crane [ 1] was the first to investigate
the flow caused by the stretching of a sheet, which was later extended by other researchers, such as Ali
[2], who investigated the thermal boundary layer flow by considering nonlinear stretching surface;
Kumaran and Ramanaiah [3], who established general quadratic stretching sheet; and, Magyari and
Keller [4], who worked on heat and mass transfer on boundary layer flow due to exponentially

stretching sheet. Since then, lots of studies have been conducted [5-10].

In general, there are four common heating processes, i.e constant or prescribed wall temperature,
constant or prescribed surface heat flux, conjugate conditions, where heat is supplied through a
bounding surface or finite thickness, and finite heat capacity and Newtonian heating [11]. A number of
studies have been done for the first two cases with scarcely any problems, considering Newtonian
heating can be found in the literature. However, lately, this subject has become one of interest.
Motivated by the work of Merkin [11], Pop et. al. [12] studied free-convection boundary layer flow

along vertical surface embedded in a porous medium with Newtonian heating, Lesnic etal. [13]
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investigated steady free convection boundary layer along a semi-infinite, slightly inclined to the
horizontal plate embedded in porous medium with the flow generated by Newtonian heating and Salleh
et al. [14] worked on forced convection boundary layer flow near the forward stagnation point of an
infinite plane wall generated by Newtonian heating. Recently, Mohamed et al. [15] considered
stagnation point flow over a stretching surface generated by Newtonian heating, Zeeshan et al. [16]
studied the effects of Joule and Newtonian heating on stagnation point flow of Newtonian and non-
Newtonian fluids over a stretching cylinder and Lavanya et al. [17] investigated the phenomenon of
Newtonian heating under the application of uniform porous medium when heat generation and
chemical reactions appear in the energy and volumetric species equations in the flow of a nanofluid.
Newtonian heating or so-called conjugate convective flows occurs when heat is supplied to the
convective fluid through a bounding surface with a finite heat capacity. This phenomenon can be found
in many engineering devices, such as heat exchangers, where the conduction in a solid tube wall is

greatly influenced by the convection in the fluid flowing over it.

All the above mentioned works were conducted taking into consideration constant thermal
conductivity. However, variable thermal conductivity is more practical. Hence, we would like to extend
the work of Nadeem et al. [18] and Bhattacharyya [19], taking into account the effects of variable
thermal conductivity and Newtonian heating over exponentially stretching sheet with the absence of

radiation and magnetohydrodynamic fields.

II.ANALYSIS

Consider a steady two-dimensional boundary layer flow of Casson fluid near a stagnation point. The x-
axis 1s taken along the stretched sheet and y-axis is normal to it, with the stagnation point at the origin. It
is assumed that the flow is to be confined in half plane y> 0 and the sheet is stretched exponentially with
velocity U (x) = ae x/ L . The sheet is assumed to be heated due to Newtonian heating as proposed by

Merkin [11]. The external flow is of the form of U (x) =bex / L and the ambient temperatureis T .

Here, a, b are positive constant and L is the characteristic length. Under these assumptions and

neglecting the effects of viscous dissipation and heat generation, the boundary layer flow for the

problem s given by:
cu &
.+ =0 (1)
cx ©) )
5 -Gl 1 ]5":;
TIPS LR °°+u(1+ ,(2)
Fhy -] - S - 2
Cx - Cj ] Cx ] " - ﬁl C:.-l.-
o A 5 5 i g
+v — K ; (3)
'OCLJ”«—— — S
A, ox - /b - L - J
& oy cy
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subject to the boundary conditions:

ar . -

u=U, v=0 —h T(NH) at y=0, (4

&)
u>U, T »T a5 y>wm

where uand v are the velocity component along x- and y-axis, respectively, v is the kinematic viscosity,
B =u, VIE / p, is the Casson fluid parameter, p is can be obtained once the values of

respectively, are found. f’(0)and —0'(0), the density, cp is the specific heat at constant pressure, Tis

the fluid temperature in the boundary layer, hs is the heat transfer parameter for the Newtonian heating

and «* is the variable thermal conductivity defined as k* =« (1 + €0) , where « is the fluid free stream

W

conductivity and & = is the perturbation/small parameter [20, 21, 22]. In general, £ >0 is for

K

fluids, such as water and air, while e <0 is for fluids, such as lubrication oil [23].

We look at the solutions of Egs.(1)-(3) in the following forms [23]:

W= V2ola Fly)s™,

[
a ar

rf=y.‘||"j 5 e, (5)
=T
6(n)—==,
T

where v is the stream function defined in usual notation, i.eu=0y/dyand v=—0y /0 x . Thus, we

have:

u=af'(n)e*",

|
v=—|5 @)™, ©

where prime denotes differentiation with respect to 1. Making use of (5) and (6) into Eqs.(1) - (3), Eq. (1)
is automatically satisfied and Egs. (2) and (3) are reduced to:

b g

! 1+— 7+ _2(fY +28=0,(D)

B)
where prime denotes differentiation with respect ton. Making use of (5) and (6) into Egs.(1) - (3), Eq. (1)

is automatically satisfied and Egs. (2) and (3) are reduced to:
(1+£0)8 +c(@f +Prfo =o0. (8)

with boundary conditions:

fn)=0 f(n)=1 6(n)=-Bi[1+6(0)] at y=0,
f(n)—1 6(n) -o0as - (9)
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. b . . . C
where A=_ istheratio of free stream velocity parameter to stretching sheet parameter, Pr= He is

a
i g —x/2L - .
the Prandtl numberand Bi=h J22L e is the 3jot number. For the momentum and enet oy v INS
C . ‘W a .
to have similarity solution, paraincier bimust ve a constant and not a function of x. Hence, assume hs =
ex /2 L .From an engineering point of view, there are two physical quantities of interest, i.e skin friction

coefficient and local Nusselt number, which can be obtained once the values of respectively, are found.

III. RESULTS AND DISCUSSION
Egs. (7) and (8) subject to boundary condition (9) have been solved numerically using a finite-
difference scheme as described in the book by Cebeci and Bradshaw [24] for some values of A, 3, € and

Binumber.

Fig. 1 depicts the effect of the velocity ratio towards the velocity profile. As A=b/a, which gives the ratio
of the external stream velocity to the sheet velocity, it is found that when A = 1, no boundary layer is
formed and the velocity remains constant (=1) throughout. However, as A> 1, the velocity starts to
increase and the boundary layer thickness decreases as A> 1. This is due to the increment of the straining
motion near the stagnation region, which in turn accelerates the external stream and causes a reduction
in the boundary layer thickness. For A< 1, inverted boundary layer structured is formed. These
phenomena are valid for both Newtonian (B = % ) and Casson fluid flow (= 1), which validate the
boundary condition (9) that we have set. It should be highlighted that the Casson fluid flow is found to

have lower velocity than the Newtonian fluid flow when A> 1, and the opposite situation occurs for A<1.

Fig. 1. Velocity profiles for various values of A for Newtonian flow (p = «0)and Casson fluid flow

B=D.

Fig. 2 and 3 represent the effect of the variable thermal conductivity € in the temperature distribution
when A= 0.2, Pr=7and Bi=0.1 and 0.3, respectively. As € only exists in the energy equation given by

(8), it is expected that e will have a significant impact on the thermal boundary layer. However, the value
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of € chosen is restricted to some value, especially when €> 1. This € can go up to 0.6 when Bi= 0.1 but is
limited to 0.2 when Bi = 0.3. At this point (¢ = 0.6 and 0.2, respectively), the distribution of the
temperature in the boundary layer is reversed, unlike the distribution of the Casson fluid and
temperature dissemination when €< 0.6 and &< 0.2, respectively. Furthermore, there was a reversed
overshoot at the beginning of the thermal boundary layer formation when the flow is dominated by
Newtonian fluid (B = ). It is also seen that the temperature increases as € decreases and outstanding
results are found to exist when Bi=0.3 as compared with Bi=0.1. On top of'that, for fixed value of’¢, it is
observed that the temperature within the boundary layer for Casson fluid flow (f = 1) is slightly lower
than the Newtonian flow (B= ). As boundary condition (9) is concerned, all the profiles plotted satisfy

those conditions.

0.06 T T T T T

=02 Pr=7,Bi=0.1

0.05

0.04}
Z o3}
[==]

002}
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04 T T T T T
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=02, Pr=7,Bi=01 g

1 1 1 L 1

0 05 1 1.5 2 25 3
n

Fig.2.Temperature profiles for various values of ¢ for Newtonian flow ( = ) and Casson fluid

flow (f =1) Wheni = 0.2, Pr =7 and Bi = 0.1.
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Fig. 3.Temperature profiles for various values of efor Newtonian flow ( = ) and Casson fluid
flow (B=1) whenA=0.2,Pr=7and Bi=0.3.

CONCLUSIONS
Boundary layer flow of Casson fluid on the stagnation point with the effects of variable thermal
conductivity and Newtonian heating over exponentially stretching sheet is investigated. Some of the
main results are:
1. The velocity increases for both Newtonian (= o) and Casson fluid flow (B = 1) as A>0. However,
the velocity of Casson fluid flow is slightly higher than Newtonian flow when A <1 and an opposite

trend is seen for L > 1. The velocity remains constant throughout the boundary layer when A= 1.
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2. As g increases, the temperature on the boundary layer is found to decrease. However, the value of ¢
chosen is limited to certain values, especially when & > 0. At this point, temperature distribution in
the Newtonian and Casson fluid are found to have opposite features.

3. Casson fluid flow is found to decrease the temperature as compared with Newtonian fluid flow

within the boundary layer.
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ABSTRACT

/ N
The effectiveness of Multiple Tuned Liquid Column Dampers (MTLCD) in suppressing structural

vibrations considering different real earthquake time history data is investigated using a numerical
method to deal with the nonlinearity of the governing equations in this paper. It was found that
increasing the number of TLCDs can enhance the efficiency of the MTLCD. The study also shows that
effectiveness of the MTLCD to reduce structural displacement and acceleration is highly dependent on
the nature of the earthquake excitation. The results also confirm that although the performance of the
proposed TCLD vary with the nature of the earthquakes, but overall it performs exceptionally well for all
earthquakes, by standing out the maximum structural displacements and also rapidresponse decay.

Keywords - Real earthquake time history, vibration control, multiple tuned liquid column dampers,

tuned liquid column dampers.
A\ /

L.INTRODUCTION

Tuned Liquid Column Damper (TLCD), as a passive vibration control device can suppress the input
energy by the combined action of the movement of the mass in the U-shaped container, the restoring
force on the liquid due to gravity and the damping due to liquid movement through the orifices. Because
there are a number of inherent advantages in this device including its lower implementation cost, easier
handling and lower maintenance cost, and like other passive devices, they do not usually interfere with
vertical and horizontal load paths, has become more popular in this days. Sakai et al (1989) proposed the
nonlinear mathematical expression of the TLCD. Later many authors used the linearized equation of
motion to investigate the effectiveness of the TLCD to suppress the structural vibration using a
frequency domain analysis. Later Gao etal. (1997) carried out a numerical study to find out the optimum
parameters of a TLCD to minimize the peak structural response under harmonic excitations in a wide
range of frequency for flexible structures In recent years many experimental and theoretical studies
have been carried out on the evaluation of TLCD performance in suppressing the structural vibrations.
However most of them have investigated the performance of TLCD under sinusoidal loadings, wind
excitations, and relatively few studies has been carried out on the seismic performance of TLCDs (Won
et al.,1996; Debbarma et al., 2010; Chakraborty et al. 2012). In this paper the performance of Multiple

Tuned Liquid Column Dampers (MTLCD) in suppressing structural vibrations considering different
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real earthquake time history data is investigated using a numerical time domain method (The Newmark-
beta linear acceleration method) to deal with the nonlinearity of the governing equations in this paper. A
parametric numerical study involving the effects of the parameters like mass ratio, frequency tuning
ratio, length ratio, and blocking ratio is carried out for different seismic time history data, using a to deal
with the nonlinearity of the governing equations. It was found that increasing the number of TLCDs can
enhance the efficiency of the MTLCD. The study also shows that effectiveness of the MTLCD to reduce
structural displacement and acceleration is highly dependent on the nature of the earthquake excitation.
The results also confirm that although the performance of the proposed TCLD vary with the nature of
the earthquakes, but overall it performs exceptionally well for all earthquakes, by standing out the

maximum structural displacements and also rapid response decay.

II. THE EQUATION OF MOTION OF STRUCTUREAND MTLCD SYSTEM
A TLCD is a U-shaped liquid column tube attached to a primary structure. A building is modeled as a
SDOF structure and n no of TLCDs are mounted on top of the primary structure as shown in Fig. 1.

Fig.1: Simplified MTLCD-structure system

Assumed the liquid density(generally water) to be p, and the cross section area, horizontal length,
vertical height of liquid of the ith TLCD of the MTLCD are represented by Ai, Bi, hi and. The total
length of the liquid column of the ith TLCD is, Li=(Bi+2hi). The total mass of the damper,

m,=3 pA I—;:] ignoring the mass of the liquid container, which can be included within the mass

ofthe primary structure.
2.1 The equation of motion of MTLCD:

Due to the earthquake motion the structure-MTLCD system is subjected to base acceleration ‘z’b . If the

relative horizontal displacement of SDOF system and the liquid surface displacement is represented by
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x and y, the equation of motion of liquid column can be expressed as
Seu e
PALY, +_PAS

Normalizing the above equation
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Where ¢ is the blocking ratio.

2.2 The equation of motion of structure with MTLCD:

The equation of motion of primary structure with TLCD can be written as
(m +my |x+cx+kx=—m +m, |z, —pApLy @)

Where, m_, k_, c, are the mass, stiffness and damping of the primary structure. Simplifying the above

S S

equation
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By combining Eqns. (2) and (5), the equation of motion of structure-MTLCD system in matrix form can
be written as

MY +CY +KY = -Miz, (6)
Where M, C, K represents the mass, damping and stiffness matrix of the combined system respectively

Y represent the relative displacement vector. They have the following forms:

| E TR L L —l
|_“pl P B HyPs|
11 1 ||
p, O iy i w8
M=|""% : S, TR (7

= 2 & om o sl
| |
e, 0 0 - el

Journal of Waters Resources and Civil Engineering Technology (Volume- 07, Issue - 01, January - April 2023) Page No 21



0 L7, 0 0
K:(j] 0 ] .ug-é_ ]
- ‘ (8)
: L S
0 0 0 .. Al
(22508 0 0 )
M-y 0 ] |
" 5 i | .
0 0 By .. 0 |
C= 7 T |
s i
0 0 0 ki
IL i |
©
T=[t 0 0 0 - o] (10)
T
Y=[x Vi Y2 - = ¥ (11)
III. NUMERICALSTUDY

A building is modeled as a SDOF structure and a MTLCD mounted on top of the primary structure as
shown in Fig. 1, used for the analysis. The properties of primary structure are ms=3.0x10" kg,
ks=8.2247x106 N/m and damping ratio of structures, &s = 2% .The structure has a natural frequency f1
=0.8333 Hz. For the sake of simplicity and convenience some assumptions on a MTLCD withn TLCDs
are made:

(1) AMTLCD consists of n number of TLCDs and n is an odd number (1.3, 5.....n).

(i1) The tuning ratio ofa MTLCD is decided by the frequency ratio of the central TLCD

(r+1)

T = Llo . Yotakenas 1.
2 .
(iii) The mass ratio and coefficient of head loss of each TLCD are same H = M kenas 5%
1 - E
1

and, & taken using equation 3.
(iv) The frequency range of MTLCD, Ay, defined as Ay =yn—y1
(v) The spacing between TLCD natural frequencies 0y is constant oy =yi+1 —yi 0y, takenas 0.05.

To know the impact of seismic excitations on the performance of MTLCD, some past earthquake

ground motion records are selected for the analysis. The structure is analyzed without MTLCD and with
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a MTLCD attached to the top of the structure. The structure without and with one, three and five number
of TLCD is subjected to previously selected past earthquake data of Park field earthquake (1966), EL-
Centro earthquake (1940), Mammoth lake earthquake (1980), and Coalinga earthquake (1983).

The variation of displacements of structures with time considering time history data of previously
selected earthquakes using three and five TLCDs and without damper have been shown in Figs. 2 and
the Values of maximum displacement of structure without and with one, three, and five TLCDs and

corresponding effectiveness of MTLCD have been shown Table-1.
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(b) EL-Centro earthquake (1940).
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Fig. 2: Variation of displacement of structures considering real time history data of (a)
Parkfield earthquake (1966), (b) EL- Centro earthquake (1940),(c)Mammoth lake earthquake
(1980),(d) Coalinga earthquake,(1983), for total Mass ratio = 5%, Damping ratio of
structures=2% and, Length ratio=0.8.

The results show that the effectiveness of the MTLCD to reduce the structural displacement is
increasing with the increase of number of TLCDs i.e. for same mass ratio and for Parkfield, EL-Centro
earthquake, Coalinga, and Mammoth lake earthquake data, and for single TLCD the peak displacement
reductions are 52.05%, 31.63%, 40.26%, and 24.14% respectively while for same mass ratio and for
five TLCDs the peak displacement reductions are 55.48%, 34.58%,43.04% and 27.39% respectively.

The variation of acceleration of structures with time using three and five TLCDs and without damper

have been shown in Figs. 3 and the Values of maximum acceleration of structure without and with one,
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three, and five TLCDs and corresponding effectiveness of MTLCD considering time history data of
Parkfield earthquake (1966), EL-Centro earthquake (1940), Mammoth lake earthquake (1980), and
Coalinga earthquake (1983), have been shown in Table-2.

Table-1: Values of maximum displacement of structure without and with MTLCD and
corresponding effectiveness of MTLCD taking structural damping=2%, total mass ratio=5%,

blocking ratio=0.1 and length ratio=0.8

Maximum displacement(m) % Reduction

Earthquakes _ With TLCD With TLCD

No control No of TLCDs Noof TLCDs

1 3 5 i 3 5

Parkfield 0.1168 0.056 0.055 0.052 52.05% 52.91% 55.48%
El -centro N-§ 0.1524 0.1042 0.102 0.0997 31.63% 33.07% 34.58%
Mammaoth Lake 0.0522 0.0396 (1.039 0.0379 24.14% 25.29% 27.39%
Coalinza 0.0611 0.0365 0.035 0.0348 40.26% 42.72% 43.04%
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Fig. 3: Variation of acceleration of structures considering real time history data of (a)
Parkfield earthquake (1966), (b) EL-Centro earthquake (1940), (¢c) Mammoth lake earthquake
(1980), (d) Coalinga earthquake (1983), for total mass ratio=5%, Damping ratio of

structures=2%, Length ratio=0.8.
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Table-2: Values of maximum acceleration of structure without and with MTLCD and
corresponding effectiveness of MTLCD taking structural damping=2%, total mass ratio=5%,

blocking ratio=0.1 and length ratio=0.8

Maximum structural acceleration(my/sec”) %% Reduciion
: . Wirth TLCD With TLCD
Earthquakes .
No control No of TLCDs No of TLCDs
1 3 5 | 3 5

Parkfield 3.5168 3.014 45848 | 44903 9.11% 16.589% 15.61%
El -centro N-§ 4.7706 | 4.6369 45783 4.337 2.80% 4.03% 9.09%
Mammoth Lake 2.0252 1.8522 1.67127 1.5611 8.54% 17.48% 22.92%
colingo 24205 1.6586 1.5668 | 1.4916 31.48% 35.27% 38.38%

From Fig. 2 and Table-2 one can see that peak structural acceleration reduction capacity of MTLCD is
increasing with increase of the number of TLCDs. From Fig. 2 and Table-2 it also evident that that peak
structural acceleration reduction capacity of MTLCD is not that much significant, this problem is
important for acceleration sensitive component, such as non structural components, although this
observation needs more extensive analysis for confirmation. The results also confirm that the
effectiveness of the MTLCD to reduce structural response is highly dependent upon the nature of the
excitations but overall it performs exceptionally well for all earthquakes, by standing out the maximum

structural displacements and also rapid response decay.

CONCLUSIONS

A parametric study was carried out to know the effectiveness of MTLCD in suppressing structural
vibration due to the seismic excitations. The result of the study shows that with the proper design
parameters MTLCD is efficient to reduce peak structural displacement due to the seismic excitations
while the peak acceleration reduction capacity i1s comparatively less, but overall structural displacement
and acceleration capacity is very efficient and although the structural displacement and acceleration
reduction capacity of TLCD highly depends on the nature of the excitation but overall it performs
exceptionally well for all earthquakes, by standing out the maximum structural displacements and also
rapid response decay. The study also shows that an optimized MTLCD can be more effective than an
optimized single TLCD, the effectiveness of a MTLCD increases as the number of TLCDs comprising a
MTLCD increases.
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ABSTRACT

\
- The performance of Liquid Column Absorber (LCVA) to mitigate structural vibrations considering

different real earthquake time history data is investigated in this paper. To evaluate the significance of
the parameters like mass ratio, frequency tuning ratio, length ratio, and area ratio, on the effectiveness
of the LCVA for different earthquakes, a similar parametric analysis is performed using a time domain
method. The result of the study shows that LCVA is very much effective in reducing the structural
response to seismic excitations and the parameters play significant role in the performance of LCVA and

some of them are also sensitive to the nature of the excitation.

Keywords - Real earthquake time history, liquid column vibration absorber, vibration control,

parametric study.
- /

I. INTRODUCTION

Liquid dampers become more popular in recent days to reduce the seismic responses of structures, due
to their low implementation cost, easier handling and low maintenance cost, and like other passive
devices, they do not usually interfere with vertical and horizontal load paths. One of these devices, the
Tuned Liquid Column Damper (TLCD), suppress the input energy by the combined action of the
movement of the mass in the U-shaped container, the restoring force on the liquid due to gravity and the
damping due to liquid movement through the orifices. Tuned Liquid Column Damper (TLCD), LCVA s
one type of TLCD whose vertical cross section area is different from its horizontal cross sectional area.
Sakai et al (1989) proposed the nonlinear mathematical expression of the TLCD. Watkins (1991) tested
adifferent TLCD, the liquid column vibration absorber (LCVA). In recent years many experimental and
theoretical studies have been carried out on the evaluation of LCVA performance in suppressing the
structural vibrations. However most of them have investigated the performance of LCVA under
sinusoidal loadings, wind excitations, and relatively few studies has been carried out on the seismic
performance of LCVAs (Chang and Hsu 1998; Chakraborty etal. 2011).

In this paper the performance of Tuned Liquid Column Damper (LCVA) to control the earthquake

induced structural vibrations is investigated using different past earthquake data. A similar parametric
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numerical analysis, involving the effects of the parameters like mass ratio, frequency tuning ratio,
length ratio, and blocking ratio is carried out for different seismic time history data, using a time domain
method (The Newmark-beta linear acceleration method) to deal with the nonlinearity of the governing
equations, the variations of the different parameters are noted for different natures of the excitation. It is
shown that the effectiveness of LCVA to reduce structural displacement and acceleration are very much
dependent upon the nature of the earthquakes but overall it performs exceptionally well for all
earthquakes. Although the parameters like mass ratio, frequency tuning ratio, length ratio, area ratio
play significantrole in the performance of LCVA and some of them are also sensitive to the nature of the

excitation, few general conclusions are made in which the LCVA is more effective.

ILL.THE EQUATION OF MOTION OF STRUCTURE AND LCVASYSTEM
A LCVA is a U-shaped liquid column tube whose vertical cross section area is different from its
horizontal cross sectional area is attached to the top of a primary structure. A building is modeled as a

SDOF structure and a LCVA is mounted on top of the primary structure as shown in Fig. 1.

= i
E
B

L

A
A, A e e

Fig.1: Simplified LCVA-structure system

The horizontal and vertical cross section area, horizontal length, vertical height of liquid and the liquid
mass density (generally water) are represented by Ah, Av, B, h and p respectively. The total length of the
liquid column is, L = (B+2h). The mass of the damper, md=(p AhB+2 pAvh), ignoring the mass of

the liquid container, which can be included within the mass of the primary structure.

2.1 The equation of motion of LCVA:
Due to the earthquake motion the structure-LCVA system is subjected to base acceleration ‘z’b . If the
relative horizontal displacement of SDOF system and the liquid surface displacement is represented by

PALT+-PALS y+2pgA, y=—pAB(X+Z,) (1)

x be

5.*
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Normalizing the above equation by liquid mass in the container, pAh Lee

s 95 L L
EIVIV s
3«’+3%L+ )

/ + M= 7
il T 4 P

Le
@)
Where P = — is the length ratio. (Length ratio is the length of the horizontal portion of LCVA to its
total length). Tuning ratioy = 28
otal length). Tuning ratioy = where @, =

1s the frequency of the damper where
0’) = ea

: A,
L.=L {1 +p(r— 1)}311(1 ® . is the frequency of the primary structure and area ratior ="

Ay

The co-efficient of head loss, & is determined using equation (3) (By Wu et al. 2005)

(~0.60+2.16°") " (140)~

Where ¢ is the blocking ratio

£ = 3)

2.2 The equation of motion of structure with LCVA

The equation of motion of primary structure with LCVA can be written as

(m +my)k+ex+hox=—m +my)7, +1pA By @)
Where.m ..k _.

¢ _are the mass, stiffness and damping of the primary structure
Simplifying the above equation

> upL
(1+p)§i+25_sﬁ)s}'§+m;x +1 V= (1+p)

. b ®
Where, = (PAyB+2pA . h)
- m
(mass ratio). c =2 0} 1511 _and Le:n it I\(E + 5 11\|
From Eqns. (") “and (5) ' g

‘(1+u) L
|

L {?ﬁ

Ty S b i
L J - B
ﬂ({1+1 B

b

lLZJ

L

(6)
III. NUMERICALSTUDY

For this study a building is modeled as a SDOF structure and a LCVA is mounted on top of the primary

structure as shown in Fig. 1, used for the analysis. The properties of primary structure are m =3.0x105
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kg, k=8.2247x106 N/m and damping ratio of structures, &s = 2% .The structure has a natural frequency
f1=0.8333 Hz, which is tuned by frequency of the LCVA. To know the impact of seismic excitations on
the performance of LCVA, some past earthquake ground motion records are selected for the analysis.
The structure is analyzed twice, once without LCVA and again with a LCVA attached to the top,
subjected to past earthquake ground motion records varying with different parameters. The structure
without and with LCVA is subjected to previously selected past earthquake data of Park field earthquake
(1966), EL-Centro earthquake (1940), Nepal earthquake (2015), and Coalinga earthquake (1983) for

different mass ratios.

The variation of displacements of structures with time considering time history data of previously
selected earthquakes using LCVA and without damper have been shown in Figs. 2 and Table-1, which
shows the effectiveness of the damper in reducing peak structural responses for different mass ratios.
The results show that the effectiveness of the LCVA to reduce the structural displacement very
significant for some earthquake records and for some records the reductions are not that much effective.
For 5% mass ratio and for Parkfield and Coalinga, earthquake data, the peak displacement reductions
are 55.91% and 34.70% while for same mass ratio and for EL-Centro and Nepal earthquake data, the
reduction are 33.79% and 29.94%.
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{a) Parkfield earthquake (1966).
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(b) EL-Centro earthquake (1940).
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Fig. 2: Variation of displacement of structures considering real time history data of (a)

Parkfield earthquake (1966), (b) EL- Centro earthquake (1940), (c)Nepal earthquake
(2015),(d) Coalinga earthquake,(1983), for Mass ratio = 5%, Damping ratio of structures=2%
and, Length ratio=0.8.

The variation of structural acceleration with time considering time history data of Parkfield earthquake
(1966), EL-Centro earthquake (1940), Nepal earthquake (2015), and Coalinga earthquake (1983), with
LCVA and without damper are shown in Fig. 3 and Table-2.

From Fig. 3 and Table-2 one can see that peak structural acceleration reduction capacity is not that much
significant, this problem is important for acceleration sensitive component, such as non structural

components, although this observation needs more extensive analysis for confirmation.

The results also confirm that the effectiveness of the LCVA to reduce structural response is highly
dependent upon the nature of the excitations but overall it performs exceptionally well for all

earthquakes. From Figs. 2 and 3, it can also be seen that overall structural displacement and acceleration

reduction capacity of LCVA s very good.
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Table-1: Values of maximum displacement of structure without and with LCVA and

corresponding effectiveness of LCVA taking structural damping=2%, frequency tuning

ratio=1, blocking ratio=0.1 and length ratio=0.8

Mexanum displacement(m) U5 Reduction
With LCVA With LCVA
Earthquakes Withour : ks -
damper Mass ratio Mass ratio
1% 3% 5% 7% 1% 3% 5% 70
Parlcficld 0.1168 0.0997 0.0692 0.0513 0.0438 14.64% 10.73% 35.51% | 60.79%
El -centro N-3 0.1524 01405 | 01188  0.1009 0.054 794% | 219%% [ 33.79% | 38.32%
Nt‘p&] N-S [.0531 0.0477 0.0392 (.0372 0.035 10.17% 26.18% 29.64%, | 34.09%
Coalinga 0.0611 00542 | 00424 0.0399 | 0.0417 | 11.29% | 3061% | 34.70% | 31.75%
[
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Fig. 3: Variation of acceleration of structures considering real time history data of (a)

Parkfield earthquake (1966), (b) EL-Centro earthquake (1940), (c) Nepal earthquake (2015),
(d) Coalinga earthquake (1983), for mass ratio=5%, Damping ratio of structures=2%, Length

ratio=0.8.

Table-2: Values of maximum acceleration of structure without and with LCVA and
corresponding effectiveness of LCVA taking structural damping=2%, frequency tuning

ratio=1, blocking ratio=0.1 and length ratio=0.8

Maxinmm structural acceleration{m/sec’) %G Reduction
Farthquakes Without With I.C ’U& With IC ‘LA
damper Bvlass ratio Bdass ratio

19 3% 05 T 1% 305 5% T4
Pk feld 5.5168 54011 5.1822 | 4974 | 47919 2.10% 6.07% 978s | 13.14%
El -centro N-5 47706 4785 | 46915 | 46404 43003 il 56% 1.66% 273% 3.TEY
Nepal N-S 1.0740 1.9625 1.912 1.8542 1.7878 .63% 3.18% 611% 04704
Coalinga 24205 21784 18115 1.6760 17203 10.00% 25 16% 30,723 | 28.03%
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Mass ratio is the most important parameter influencing the effectiveness of LCVA in reducing the
structural displacement. It is evident from Table-1 that LCVA with higher mass ratio is more effective in
suppressing the structural displacement. To incorporate higher mass and to maintain the liquid column
shape the LCVA can consist of small diameter tubes of same length, as the natural frequency of LCVA
depends only on its length.

Much higher value of mass ratio is not effective as they add to the inertial load on the structure due to

base excitations. Also a higher mass ratio is impractical due to the space requirements.

And much higher mass ratio also increases the overall loading in structures, in real life applications.
Fig. 4 shows the influence of length ratio in peak liquid and structural displacement. If the value of
length ratio is increased gradually the value of maximum structural displacement is gradually reduced,

and the liquid displacement is increasing.

With a higher length ratio LCVA can reduce the maximum structural response more efficiently. This is
because the mass of the horizontal part of the LCVA is the only effective mass of LCVA acting on the
structure. However length ratio is limited by the liquid displacement bounded values, cause with higher
increase of the liquid displacement there is the chance of being out of tuned as a result the efficiency of
the LCVA will reduce.
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Fig 4: The influence of length ratio on the maximum displacement of structure and liquid for
3% and 5% and 7% mass ratio considering real time history data of (a) Parkfield earthquake,
(b) EL-Centro earthquake
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Fig. 5: The influence of area ratio on the maximum displacement of structure and liquid for
3%, 5% and 7% mass ratio considering real time history data of (a) Parkfield earthquake, (b)

EL-Centro earthquake

Fig. 5 shows that with increase in area ratio the liquid displacement as well as the structural
displacement is decreasing. As the liquid and structural displacement decreasing, the efficiency of
LCVA will increase and there is less chance of being out of tuned and could be a possible advantage
when headroom is restricted. Moreover from Fig. 4 and Fig. 5 it can be concluded that in the range of

length ratio 0.7 to 0.8 and arearatio 1.5 to 2 the LCVA is more efficient.
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Fig. 6: Variation of max. Displacement of structures with tuning ratio for 2% damping ratio
and 3%, 5% and 7% mass ratio considering real time history data of (a) Parkfield, (b) EL-

Centro earthquake.

It is very important that LCVA should be tuned properly with the structural frequency for better
performance. The optimal tuning ratio not only depends upon the mass ratio and the damping of
structure but also depends upon the nature of the excitations. Although the influence of the tuning ratio
on the effectiveness of the damper is different for different earthquake nature, and slightly change with
the change of mass ratio, still, it can be seen from Fig. 6 that in the range of tuning ratio, y 0.9 to 1.1 the

LCVA is more efficient in controlling the structural response.
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CONCLUSIONS

The result of the study shows that with the proper design parameters LCVA is efficient to reduce peak
structural displacement due to the seismic excitations while the peak acceleration reduction capacity is
comparatively less, but overall structural displacement and acceleration capacity is very efficient. The
study also shows that the parameters1. play significant role to the performance of the LCVA and some of
the parameters are also sensitive to the nature of the excitations, some similarities is found in the nature
of the behavior of the damper due to different type of earthquake excitations, which is very helpful in
designing the damper for real life applications. Although the structural displacement and acceleration
reduction capacity of LCVA are highly depends on the nature of the excitation but overall it performs
exceptionally well for all earthquakes, by standing out the maximum structural displacements and also
rapid response decay. This is very beneficial in real life, by enhancing occupants comfort and safety in

flexible building with low intrinsic structural damping.
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ABSTRACT

Simulation of hourly rainfall is very important in urban hydrology and small catchments with fast
concentration time to model the hydrological processes and prediction of flash flood. Considerable
efforts have been given to simulate the daily rainfall but there is not much research on modeling of hourly
rainfall. Most hourly rainfall simulation model is based on poisson cluster theory which requires large
number of parameters to be estimated and the parameter estimation procedure is complex. To overcome
this problem, in this study, a first order two state Markov chain rainfall generator with gamma
distribution is used to simulate hourly rainfall of a station in the city of Kolkata. The results indicate that
the model is successful to simulate the diurnal cycle of rainfall with an acceptable degree of accuracy but
need further improvement.

Keywords- Hourly Rainfall Generator, Markov Chain, Transitional Probabilities, Diurnal Cycle
- J

I. INTRODUCTION

To combat the flooding in urban areas, storm water drains are constructed. The urban storm water
systems are designed based on extreme rainfall amount for the return period equal to the expected life of
the system and duration of rainfall is equal to the time of concentration of the urban watershed for which
the storm water systems are to be designed. As variability of various hydrological, topographical and
social parameters is high in an urban area, typically urban storm water facilities are designed for small
catchment areas. The time of concentration falls between 45 minutes to 1 hour. Sometimes it can be as
low as 15 minutes (Mailhot and Duchesne 2010). Frequency analysis of rainfall data for the appropriate
durations has to be performed to get the required design rainfall. But, in developing countries such as
India, the availability of short duration rainfall data is scarce. Sometimes, the hourly data will have
missing values. Hence, simulation of hourly data is extremely important area but unfortunately not
much effort is spent in this area. In this study, an effort has been made to simulate the hourly rainfall of a

station in Kolkata city, India.

The simulation of hourly rainfall follows four broad methods. In first set of method, at first daily rainfall
is simulated and then the daily rainfall values are disaggregated into hourly values by different
techniques such as Random Cascade, scaling theory. Second set of method model the rainfall as Poisson

cluster process. The Bartlett-Lewis and Neyman- Scott pulse processes (Rodriguez-Iturbe etal., 1987
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and 1998) are the two predominant model variants in this category. Cluster process models provide
occurrence and amount in the same model (Koutsoyiannis and Onof, 2001). Both models are based on
Poisson process of arrival of storm origins with each origin associated with a random number of cells. In
the Neyman Scott process, the positions of the cells are determined from the storm origin assuming it as
an independent and identically distributed. On the other hand, in the Barlett-Lewis process, the intervals
between consecutive cells are assumed to be independent and identically distributed. In both cluster
based models, it is assumed that the placement of cells is governed by an exponential distribution that
characterizes either the positioning of cells from the storm origin (NSRP case) or the inter-arrival time
between cells (BLRP case). The main problem with cluster process models is that of parameterization.
Studies (e.g., Cowpertwait et al., 2002) have noted that cluster process rainfall models break down or
reveal lack of fit at certain temporal or spatial scales The third method, non-parametric rainfall
generators, have evolved as a simple way to simulate rainfall data while avoiding the statistical
assumptions regarding the probability distributions of rainfall. Most of the existing algorithms are
extensions of the Young (1994) approach, using a nearest-neighbor resampling scheme in selection of
the next time scale weather. The fourth category of method is called chain dependant process and most
popular in this category is Markov chain rainfall generators. A Markov chain may be thought as a
collection of states of a system. For each time period the state of the Markov chain can either continue in
the same state or move into another state (Wilks, 1999). For modeling of the rainfall occurrence, the
Markov chain approach is generally limited to two states: rainy or dry. The behavior of a Markov chain
is governed by conditional probabilities known as transition probabilities. A transition probability is the

probability of going from a given state to the next state in a Markov chain.

There is only one significant work of applying the Markov chain process in simulation of hourly rainfall
(Katz, 1995). The authors assumed dependency between successive rainfall amounts by an
autoregressive model which made the model complicated. In this work, It is assumed that
rainfallamount of different hours in a day will be independent to each other. The methodology of the
simulation process is described in the next section. In the third section, the results of the output of the

model is presented and discussed. Finally in the last section, conclusions are drawn.

IL.SIMULATION PROCESS

The hourly rainfall is simulated in a two step process. In the first step, the rainfall occurrence i.e
sequence of dry and wet hours is simulated and in the next step, the rainfall amount on the wet hours is
simulated. For simulating rainfall occurrence, the hourly rainfall process is assumed as an random
variable { RSd(h) ;h=1,23to24 anddis 1,2... D where D is the total length of the daily time series} is
defined as RSd(h)=0 if there is no rainfall occurrence on that h th hour of d th day RSd(h) =1 if there is
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rainfall occurrence Assuming that the random function, R(t) evolves as a function of its previous state

and it follows Markovian dependence of first order,
P[RS (k) =1| RS (h-1), RS (h—2),.. RS (1)]
d- d d d
=PRs (h)=1|Rs (h-1)] ¢y
d d

The generation of the states 0 and 1 of R(t) requires the specification of conditional or transition
probabilities. As the random variable R(t) have two state space, it will have a transition probability
matrix of2* 2 in the form of
pw=P[RS;(1)=0|RS;(h-1)=0]
pm:P[RS (;!):D RS (;’J’—]. :].]
d d
p1o=P[RS,;(h) =1| RS,;(h-1) =0]
pu=P[RSa(h)=1|RSa(h-1)=1] (2)
As there is only two possible state in a particular hour, it follows that the transition probabilities are
related by
_1—
pm P 11
Pon=1— Py (3)
Hence, the transition probability matrix can be defined if only two transition probabilities, pO1 and p11

is estimated from the observed data. The conditional probabilities can be estimated from the observed

conditional frequency of rainfall state transition as follows:

Current hour

. Dry Rain Total
Previous o ;
Rain N10 N1l Nr

Where NOO, NO1,N10 and N11 are the observed frequencies:
NOO=Number of dry hours preceded by dry hours
NO1=Number ofrain hours preceded by dry hours
N10=Number of dry hours preceded by rain hours
N11=Number ofrain hours preceded by rain hours

And NOO+NO1 =Nd, total number of dry hours

N10+N11 =Nr, total number of rain hours

Now the maximum likelihood estimator for the transition probabilities are

. Ny
H:
? M forij=12 4)
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Here in order to take seasonal characteristics of rainfall into account, the transitional probabilities are
calculated for each month. This improves the intra-annual representation of the random variable
RSd(h).

Once the rainfall occurrence process is simulated, next step is to simulate the rainfall amount (Ra) in

each wet hour. The rainfall amount generation process is done fitting Gamma distribution to wet hours.

The daily rainfall amount 'x' on wet hour is described by a Gamma distribution with probability function

) eo()
Bl (a)

where a is the shape parameter, and P is the scale parameter, I'(a0 ) is the Gamma function. The

filx)=

o p 20 x>0 ()

parameters of Gamma distributions are estimated by maximum likelihood method . After the transition
probabilities and Gamma distribution parameters for each month are estimated from the observed data,
the dry-rain status of each hour needs to be established. For determining dryrain status of the first hour of
the day, a uniform random number is generated; if this random number is greater than 0.5, then the day is
taken as dry, otherwise it is considered as a wet. To determine whether the next hour of the sequence is
rain or dry, critical value of probability, Pcrit, of rainfall is calculated. It depends on the dry or rain status
of the previous hour. If the previous hour is dry, then Pcrit= p01 otherwise Pcrit= p11. Again another
uniform random number (u) is generated. The current hour is simulated as dry if u> Pcrit otherwise itis a

wet hour. This procedure continues for all remaining days of the year.

After rainfall status of each hour is determined, next step is to simulate the rainfall amounts in each hour.
This is done by monte-carlo simulation. Again, a uniform random number is generated between 1 and 0.
This random number is assumed to be CDF of the respective Gamma distribution (equation (5)). The
rainfall amount is obtained by setting the CDF equal to the uniform random number and solving the
CDF. Thus the hourly rainfall for each hour is simulated. Since the model uses a random number, every
time the model is run it gives a different result. To tackle this issue, the model is run 100 times and the
mean of the statistics is taken as simulated. Note that in this study, it is the statistical properties of rainfall

which is more important than the exact sequence of rainfall, and a rainfall generator is designed for that

purpose.

II1. RESULTS AND DISCUSSION
At first it was decided that how many runs of the algorithm are required so that the results converge. In

the following figure 1, it can be observed that after at around 100 runs, results seem to be converging.
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Hence, in this study, it is decided to run the model for 100 times to get the average of the statistical

parameters.

At first, the parameters of the models are calculated. In order to investigate further, four types of model
have been used in this model. Casel: The model parameters (i.e. Transition probabilities pO1 and p11
and gamma distribution parameters o and §) are not allowed to vary diurnally. Case2: The Transition
probabilities are not allowed to vary diurnally while gamma distribution parameters are varied

diurnally. Case3: All the parameters are allowed to vary diurnally
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The calculated parameters of the model in all the cases are given below.

Tablel: Model Parameters of Dumdum Station assuming no Diurnal Variation

Month P01 P11 alpha beta
Jan 0.004 0.627 0.73 2.02
Feb 0.007 0516 0.57 4.17
Mar 0.008 0.490 0.54 5.97
Apr 0.011 0.490 0.53 6.80
May 0.021 0.565 0.50 9.05
Jun 0.052 0.580 0.52 6.45
July 0.078 0.570 0.52 5.56
Aug 0.076 0.558 0.54 5.65
Sept 0.05¢6 0.596 0.54 6.07
Oct 0.022 0.614 0.54 6.15
Nov 0.006 0.690 0.57 4.68
Dec 0.002 0.671 0.57 3.34
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Table2: Model Parameter (Alpha) of Dumdum Station with Hourly Variation

haonth 1 2 3 4 5 6 7 B 90 p1 1z g3 p4 {45 (16 A7 (18 |19 RO 21 [R2 23 R4
Jan | 073 0.64 1.08 0.57 L.03 0.69 0.69 0.8 1.12 0.53 0.54 0.80 1.16 0.73 0.70 0.64 0.69) 1.14) 0.88 1.1J 0.63{ 0.83 1.65 1.02

Feb | 0.58 0.6% 0.55 0.39 0.61 0.53 0.73 0.93{ 1.08 3.914 0.50 1.03 0.52| 0.82 0.70 0.79 0.52| 0.83| 0.64 0.57) 0.65 0.BH 0.63| 0.50
mar | 0.52( 0,48 0.69 0.4 0.66 0,827 0.62( 1.25( 0.46 0.87 0.40 0.64 0,83 0.51 0.74 0.65 0.54 0.70( 0.54 0.61 0.52 0.59 0.63{ 0.4
Apr | 0.45 0.79 0.45 0.37 0.600 0.5 0.58 0.45 1.17( 0.61) 0.49 1.00 0.55| 0.91 0.44 0.6¢ 0.46 0.61] 0.52 0.57 0.56 0.70 0.55( 1.10
May | 0.55 0.6§ 0.47 0.4§ 0.45) 0.41 0.65 0.504 0.99 0.66 0.43 0.50 0.65/ 0.50 0.6 0.44 0.40 0.53| 0.54) 0.5 0.52) 0.47| 0.53| 0.59

lun 0.47 0.514 0.7 0.59 0.57 0.600 0.54 0.53| 0.63| 0.64 0.5 0.52 0.58 0.56 0.53 0.55 0.52| 0.46 0.50 0.4y 0.4 0.43 0.4& 0.47]
July | 046 0.54 0.57 0.63 0.54 0.55 0.52{ 0.48 0.59 0.53 0.5 0.62 0.51 0.61| 0.44 0.53 0.52{ 0.49 0.53 0.57 0.48 0.53 0.45 0.47
AuUg 0.51 0.49 0,50 0.5Y 0.63 0.54 0.57] 0.58 0.58 0.67 0.65 0.59 0.53| 0.49 0.58 0.57 0.51 0.51| 0.47 0.59 0.51| 0.5 0.52| 0.59

Sept | D57 0.58 0.58 0.53 0.61 0.64 0.55 0.55( 0.61 0.63 D.67 0.55 0.53| 0.58 0.50 0.54 0.48 0.53 0.47 0.44 0.4% 0.50 0.5 0.54
Oct | 0.600 0.47 0.57 0.69 0.600 0.58 0.59 0.45 0.63 0.70 0.5 0.48 0.55 0.68 0.64 0.50 0.45 0.48 0.49 0.49 0.52) 0.5 0.61] 0.65
Mov | 052 0.42 0.49 0.51 0.700 0,70 0.56 0.62| 0.69 0.63 0.74 0.64 0.70 0.74 0.6 0.66 0,58 0.55 0.94 0.5 0.75 0.659 0,60 0.67
Deg | 043 0.70 0.33 0.68 0.67] 0.99 1.07 0.82 U.SBI 144 1.97 1.6 1.69 1.19 1.84 0.8Q 0.61 0.52( 0.6 0.3 0.35 0.43 0.36 0.45

Table3: Model Parameter (Beta) of Dumdum Station with Hourly Variation

Month| 1 2| 3| af s| e| 7] & o af a1af azf 3] 14 1| 18] 17 14 19 2o 21]22 |23 ba
o8l 250 1.24 a.79(1.89 1.84|2.8502.43] 1.2003.5¢ 3.11] 1.03)0.79] 124287 204 182 06d 2.08 1.44 190 1.250.370 .43
600 363 3.20 469573 530185120 O580.08 6.38 2.68|5.74 2954 91 2941028 024 348 578 299 1.343 23K 01
3% B.14 1.67 2.992.24 2.21/6.30/0.41] 6.611.5812 66 2.06|1L.74 3.145.66 8.4 8,71 2.63 B.78 5.31 7.72] 4.145.446 .38
I 249 73814 662,04 5123 94)6.3100.1586.18 3.23 216 ?.5% 2.037.74 2751078 7.5410.74 6.74 4.41 3,245 620 95
oa 382 6.ad s.915.a813.27)5.35)7.58] 2173, 5810.63| 9.56|7. 7811 a5l6 a0h2 23z eafi2 591178 559 726 Bags.32h 2

g
N RIEREENEE

May

Jun 16 576 2.2 4 46558 5244 768)6.29 5.174.0) 7.44 6.12|4.65 5.916.5q .72 T.A4] 943 7.4410.09 69410 955 . TH7 84
July 78 4.97] 3.84 3.79[5.69] 4.ads.9s5ls.08] 3.79s.29 s.ad 3.98]7.05 513814 633 528 704 529 4.29 6.33] 4.21]s. 20k =4
Aug 82| 7.58 7.67] 6.67|4.66 5.424.02[3.50] 4.613.25 3.37 s.22|6.27 7.847.69 5.00 6.27] 5.4q 6.3 3.74 516 4.295.814 25
tept |4.81) 523 4.74 6.584.45 4.74/5.1116.08 3.584.78 3.54 7.63|9.54] 6.776.95 485 &80 4.17 7.0 5.58 &6.34 5837 4207 .21
oct 5.52) B84 5,44 3.11/5.45 5665 128, 35 4.5004.53 &6 .6510,40|9.20) 4.775.87 7.08 8,55 653 506 4.54 444 3,572.688 .60
Mow  [5.0301.33 877 5.332.55 190{4.214.13] 2 364.63 5.79 3.67(5.34 3.?54.5q 339 379 5.40 1.47 5.84 1.43 4.932.77 35
Dec  [5.18 1.6803.27] 2.582.39 2.93[1.45[L.04| 2.43]1.39 0.39] 0.55(0.53 :u.?zn.471 1.78 2.43| 364 1.559 6.3F10.67 6.11f0.714 33

Table4: Model Parameter (p11) of Dumdum Station with Hourly Variation

Manthjl 2 El i 5 5 7 la a9 10 p1 12 Q13 p4 (A5 16 P27 |12 [P po R1 O[22 23 24

lan 0.58 0.5 0.52 0.73 0.83 0.57 0.64 0.5¢ 0.56) 0.50 0.75 0.3 0.85 0.90 0.50 0.71) 0.37 0.77 0.63 0.91 0.55 0.54 0.55 0.64
Feb 0.61) 0.59 0.42] 0.50 0.50 0.43 0.45 0.3Q 0.44| 0.60 0.54 0.84 0.42) 0.45 0.50 0.48 0.47 0.58 0.4 0.73| 0.47 0.47 0.55 0.53
Mar | 0.58 0.47 0.50 0.62 0.54 0.6 0.28 0.50 0.53| 0.44 0.50 0.6 0.45 0.61] 0.50] 0.40 0.50 0.40 044 0.47) 0.51 0.34 0.65 0.34
Apr 0.66 0.44 0.54 0.5 0.3) 0.44 0.44 0.07 0.62 0.3 0.501 0.7 0.29 0.55 0.47 0.41f 0.4 0.61] 0.53 0.46 0.45 0.55 0.40 0.63
May | 0.66 0.63 .68 0.44 0.6 0.51 0.73 0.40 0.63) 0.65 0.71 0.67 0.45 0.63 0.64 0.48 0.59 0.59 0.64 0.56 0.5 0.44 0.48 0.34
un 0.67 0.6 0.57] 0.6 0.6 0.65 0.65 0.53 0.56] 0.63 0.59 0.59 0.61) 0.5& 0.47 0.54) 0.5 0.50 0.59 0.56( 0.5 0.65 0.58 0.53

uly 0.60 0.67 0.6 0.59 0.64 0.65 0.63 0.48 0.61] 0.59 0.58 0.55 0.4%8 0.55 0.4% 0.49 0.49 0.5 0.59 0.57| 0.55 0.59 0.59 0.54

g 0.65 O0.66 O.60 0.64 0.64 0.59 0.61 0.54 0.62( 0.5 0.54 0.61 0.49 0.50 0.5% 0.51) 0.4 0.45 0.44 0.47| 0.50) 0.59 0.63) 0.58

Fept | 0.64 0.67 0.73 0.70| 0.7 0.69 0.63 0.58 0.66| 0.63 0.60 0.60 0.58 0.57 0.53 0.45) 0.5} 0.48 0.49 0.55 0.64 0.58 0.6 0.61
Oct 0.70 0.64 0.6% 0.65 0.74 0.60 0.76 0.60 0.55 0.68 0.69 0.6 0.61) 0.48 0.58 0.45 0.61) 0.53 0.55 0.67| 0.63 0.57 0.62| 0.63
M ow 0.B5 0.83 054 0.67 0.600 0.6 0.53 0.5 0.8E( 0.60) 0.8 0O.58 0.68 0.78 0.5 0.57| 0.74 0.69 0.7) 0.72( 0.6l 0.91) 0.93 0.78

Dec 0.58 0.50 0.664 0.66 0.63 0.7 0.66 0.6 0.66) 0.6 0.75 0.75 0.66 0.62( 0.74 0.57) 0.75 0.50 0.7} 0.8B5 0.7Y 0.71 0.B5 0.75

Using these parameters, the model is run for 100 times and the hourly rainfall time series are generated
and then the various rainfall statistics are calculated and compared with the observed. The results are

shown below.
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CONCLUSIONS
The hourly rainfall distribution and various statistics of rainfall at different aggregation level are
simulated with desired accuracy by this markov chain model but the extreme rainfall statistics is not

simulated well. Hence, improvement of this model is necessary.
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