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Brief Introduction »

A device used to COOL hot water stream based on evaporative cooling

Hot stream(DM Water) Warm Process yVater
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Key Challenges b

CT Objective
To decrease hot water temperature | Hot Water
by 4-8 degrees (TATA Steel
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Solution Overview v
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Objectives ™w

TATA

« Tune the model parameters to decrease energy consumption

Assumptions

¢ Stage efficiency was assumed to be equal for all stages for
basic simulation purpose which later on to be optimized with the
help of available data

» Vapor liquid equilibrium

TATA STEEL



Approach aw

Development of Equilibrium Model
for existing cooling tower

Y l
Mass Balance ” Energy Balance J
v v
MATLAB T
Compiler , Optimization EQUIllbrlum Model
toolbox & Simulink |
Optimized Model

Simulink Model Validation and
AT STEEL Implementation




Model Development &5

‘ TATA
Mass balance for 2 stages Fotwarer e | C T e owia
Mass of water in = Mass of water out (0. T0) - (G. H1.T1)
Stage-1
Stage-1(L1, T1, H1)
Lo + GHZ = Ll —+ GHl => L1 == LO —+ G(Hz—Hl)
Stage_z Stage-2 (L2, T2, H2)
L1+GH3:L2+GH2 => L2:L1+G(H3_H2) 7
Energy balance for 2 stages p— e
Sensible heat of inlet air + sensible heat of inlet wilL____ ™™

+ sensible heat of inlet water vapour + latent heat of inlet water vapour
= sensible heat of exit air + sensible heat of exit water

+ sensible heat of exit water vapour + latent heat of exit water vapour
Stage-1
(GX CpaXT3)+ (Lo X CpyXTo)+ (GX Hy X Cppy XxT3) + (G X Hy X A)
St e(_GxCpaxT1)+(L1><C XT1)+(GXHyXCpyXTy)+(GXHyXA)
(X CpgXTy)+ (L1 X Cpy XT1) + (6 X Hz X Cpyy X Ty) + (G X Hz X 2)

TATA STEEL(G X Cpg X T2) + (Lz X Cpyy X T2) + (6 X Hy X Cpyy X T2) + (G X Hy X 2)



Model Development(Contd.) R

TATA
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>

Unknowns: L,, L,, T,, T4, H,, H; (No of unknowns is 6)
No of equations: 4
Degrees of freedom=2
To eliminate one set of unknowns in order to make the number of unknowns and number of equations equal murphy
efficiency equation is used
E. = Yn—Ymi1)

" YSp-Y (i)
Equations obtained for ‘2’ stages are

Y1 =E1(¥Y$1-Y3)+Y;
Y, =E;(YS; —Y3)+ Y3

H, and H, can be calculated from Y, and Y,

Y M
H, = 1, MHs0
1-Y;1 My

Y M
H, = 2, Hz0
1-Y; My

m&&ggﬁ"n after variable substitution: No. of variables 4 and No. of equations 4. This implies D.O.F=0



Tools Used aw

TATA

'MATLAB R2016b

s Optimization toolbox J

A MathWorks



Coding v

TATA

[ calcoptm 3| cmpNm 3| tlm | OPTLm 3| HUMm 3| HUMmm | RHm 3| RHLm 3| DBTLm x| VAPm x| + |

| Warkspace | Current Fold

68
69

| 70

71

ENAESFUA J 01 bbb

pao (l}=(HMair*P*H (1)} / (Mair*H (1) +MHZD)} ;

Ffor i=2:n

EEEti}=lHair*P*Hti}}fLHair*H:i}+HHED}: Foutput partial pressure
-end

disp('partial pressure'}

di=p ({pao)

pavo(l)=(exp(11.96481- (3984.0923/{(T(1)4+273)-39.724))))*750;

L for i=2:n
Egzg[i}={exp{11.56431—{3934.923!{[T{i}+2?3}—35.?2&}}}}*TEU: Fvapour pressure of eseach stage
- end

disp{'output wvapour pressure:'})
di=p(pavo)

BHs (1}=(pac(l) /fpavo(l)});

Elfor i=2:n

Eﬂgti}=tpanti}fpavnti}}; E=ztage Belative humidity
-end

disp({'BEelative humidity of each =stage:'}

di=p (RH=)

e (1)=LO*cpw*tO+g*cpa*T (2) +g*H (2) *cpv*T (2} +g*H (2) *hv-g*cpa*T (1) -L (1) *cpw*T (1) -g*H (1)} *cpv*T {1} -g*H (1) *hv;

Ll for i=2:n

e(1)=L(i-1)*cpw*T (i-1}+g*cpa*T (i1+1)}+g*H(i+1)} *cpv*T (1+1)+g*H(1i+1l) *hv-g*cpa*T (i} -L (i)} *cpw*T (1) -g*H (1) *cpv*T (i) -g*H(1i) *hv;
-end

£ loss=g*(H(1)-H(n+l))

% lossli=LO0-L(n})

-f=[el-




Steps involved in solving the Code v

TATA

Variable initialization

!

[ Calculation of primary unknowns from initial parameters J

(vapor pressure, inlet humidity, mole fraction etc.)

!

Calculation of partial pressure, humidity, mole  [€—
fraction and liquid flow rate for each individual :
: ™ { Final values J
stages (in terms of temperature) ) I
v
Calculation of temperature by substitution I o _
Providing the final
\l: temperature value to the
Outlet temperature value for all stages respective calculations

TATA STEEL



Optimization Flowchart o

TATA

No=1, Eo

i=1ton
or

| e " Inner Loopwﬂ\ ™
Min f(T)

If No#1 N\
or — ; T
No=No+1 Min Y2 p; = X1 (Texp — T)? 2 W-rtT
w.r.t E | |SST.L.b=<T<U.B
SSTLb<E<U.B "'
N A A
Or <
Ei—1ton or

ty)

err > 0.1
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Optimization Process aw

TATA

Main function

global double ii Dt tx
: cler Data set
Tr=E; [function £=CPT1 (x)
De==zeros (20,20); global BRHg Pg tag t0g index E ii g LO
ii=0: E=x; .
T 1i-s; =20 Function solver
% % for normal check index=0: nnetion f=calc_ﬂpt t:{}
% options= optimoptions (Elsd g=4505000.71; Zgas rate in kg/hr global RHg Pg tag tOg index E
options= optimoptions (Blsqgn LO=S5678B000*1: %Ligquid rate in kg/hr =ii:
% % options = optimoptions (@] gepw=4.2: % Specific heat of water for i=l:in
% 2= lsgnonlin(@0FT1,0.5%oneq cpa=1l; % Specific heat of air (i)== (1) ;
cpv=2; %specific heat of humid air end
for i=l:trx hv=2257; % latent heat of water % gg—=4505000; 3%Igas rate in kg/f
o $ LO=5678000; *Liguid rate in
1i=ii+1: $PH20=[33.1108 32.7867 32_3976 31.9063 cpw=4.2; % Specific heat of wa
[X BESNOEM, RESIDUAL, EXITFLJ % LO=[5676100 5671800 5664700 56538500 ] cpa=l; % Specific heat of air
N BEHg=[0.97 0.9165 0.728 0.6762 0O.8715 O cpv=1.9; %specific heat of hum
Bg= [T60.B624478 764.68TT7617 T64.46274] hw=2257; % latent heat of wate
tag=[17.45 15.97 21.29 20.26 17.03 21.] RH=REHg (1, index) ; %Relative Hum
P=Fg(l, index), %total pressure
tD=t0g(l, index) ; FTinlet water
ta=tag(l, index); Fambient air
Tak=ta+2T3; Fambient temperatu
v Error<0.1 Dav=(exp(11.96481— (3984 923/ (T
Optimized efficiency
and number of stages €

Temperature value
TATA STEEL



Kiiect of No. of dtages on Cooling

NV

TATA STEEL

TATA
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Effect of Murphree Efficiency on

TATA
Number of Stages
25
Tout@n=3
-------- Tout@n=4
........... Tout@n=5
------- Tout@n=6
24 Tout@n=7
S
hé 23 -
22 -
T v T " J '
0.4 0.6 0.8 1.0
Efficiency
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Comparison of experimental data with R
optimized data TATA

—m— Error before optimization
25 _| B 4 Error after optimization
0.8 —
- | M
o 0.4 -
B 23— =
= =)
i =
@
A A
/ 00 & F A
\ —m— Tout Experimental A A
V4 —®&— Tout before optimization | A e
21 —#A— Tout after optimization A
T l L) I Ll l T I L) I Ll l T l L) I T I T l
0 2 4 6 8 10 0 2 4 6 8 10
Number of observations Number of observations

A: Comparison of initial MATLAB model with optimized model validated with
experimental data. B: Error Comparison before optimization and after

TATA STEEL optimization



Control Strategy b
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Control Strategy (Contd.) —

— = Used to solve differential equations with initial conditions

¥

dynl_s
S-Funstien ., Conditions: flag=0 initialization, flag=1 derivatives
Flag=3 output, flag=2 discrete, flag=9 termination

A4

S-Function block

__ Input to the module: gas and liquid flow rate, relative humidity, partial
pressure, ambient air temperature, inlet liquid temperature

\4

U {165

TS - SFunction

—>Output of the module: stage temperatures, liquid flow rate at each stage

Temperature calculation module

L=
T |—sfmcren — Input: water temperature, flowrate, constant heat supply
tep |—: '::a'lar Empersture Tine —
— — — Output: heat gain (increase in temperature due to heat supply)
Heater

TATA STEEL



PID Controller tuning ellal

-Controllers were tuned by auto tuning method and by adjusting time and robustness

Type: PIDF2

Form: Parakel ; . ; . & . : Reset
& Options Agzrezzae Design Parameters

el LER
t: Reference tracking Controller Parameters

Step Plot: Reference tracking

Performmance and Robustness

‘ Tuned Block

ia.iur time 56.7 seconds |56.7 seconds
i'Settlmq time 101 seconds : 101 seconds
;Ovc'shoct 0% o % 1
|Peak 1 [
iGmn margin Inf dB @ Inf rad/s Elnf dB @ Inf rad/s
|Phase margin 95.1 deg @ 0.0421 rad/s [95.1 deg @ 0.0421 rad/s
}‘;Icscd -loop stability Stable {Stable

!

l
]
|
4
|

Time (seconds)




PID Controller tuning(Contd.)

v

TATA

Domain: y

Type: PDF2 - & t — » 2931
Time - STowner Recoonss Time {caconds Fastes
Form: Paralel . 4 ) N = ]
:;.g} Add POt - r T T : T ) 0.67
@ Options Agyressive Tesnaient Sehanior Rovust
CONTROULER DESIGHN TUNING TOOLS

t: Reference tracking

Step Plot: Reference tracking
1 T T 1

2l 9 ]

Amplitude

Time (seconds)

Reset Show

<

> |

Update

Design  Parameiers Biock -

Controller Parameters

Tuned Block
F {0 0
| 11.7512 11.7512
D {0 0
N 100 100
b 1 1
C 1 1
Performance and Robustness

Tuned Block

Rise time

755 seconds

5.5 seconds

Settling time
Overshoot
Peak

[1 5.8 seconds
0%

0.997
Inf dB @ Inf rad/s

15.8 seconds

0%

0.997

nf dB @ Inf rad/s

Phase margin

Closed-loop stability

[99.4 deg @ 0.682 rad/s

Stable

99.4 deg @ 0.682 rad/
Stable




Effect of change in liquid flow rate and_—
gas flow rate on outlet temperature ™™

bJ W
Lh o
I

b
o

Outlet Temperature (°C)
s

Lh

10% 20% 30% 40%
Percentage Reduction

Outlet Temperature (°C)

25.5

b ) S b )
S - A T R
Lh = h B LA [¥N) Lh NN h Lh

o]
[==]

10%

20% 30%
PercentageIncrease

40%

® QOriginal
® Change in g keeping L0 constant
® Change in LO keeping g constant
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Kitect of change In liquid fiow rate on

power consumption

NV

TATA

10% reduction in liquid flowrate

600 +

500 -

400 +

300 +

200 +

100 +

0 -

567.586

553.071

498.324

CT Fan (KW) PumpPower (KW)
Power (in KW,

®m Original mFinal

30.86 32.6476

CT in Temp(oC)
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EIICCT 01 Cnange In nquia now rate on

power consumption(Contd.)

][
TATA

20% reduction in liquid flowrate

TATA STEEI

600

500 F

400 F

300 F

200 F

100 F

0

567.586

553.071

430.254 442.947

CT Fan (KW) PumpPower (KW)
Power (in KW)

m Original = Final

30.86 33.41907

CT in Temp(oC)

L



Kifect of change In liquid fiow rate on

power consumption(Contd.)

NV

TATA

30% reduction in liquid flow rate

600 - 567.586

553.071

500 -

411.753

400 +

300 +

200 +

100 -

0 4

CT Fan(KW) PumpPower (KW)
Power (in KW)

387.567

m Original = Final

30.86 34.4027

CT in Temp(oC)

TATA STEEL



LIICCT 01 cnange 1n nquida now rate on

power consumption(Contd.)

NV

TATA

40% reduction in liquid flow rate

600 r

500 F

400 F

300 F

200 F

100 F

0

567.586

553.071

338.184 332.478

CT Fan(KW) PumpPower(KW)

Power (in KW)

m Original = Final

30.86 34.4193

CT in Temp(oC)

TATA STEEL



Conclusion v

Cooling tower outlet temperature was predicted by mathematical model created
Created model was optimized dynamically

Improved efficiency and optimized number of stages were obtained

Three stages with 60 % efficiency

Cooling tower can be operated by decreasing the water flowrate up to 30 % without
affecting the overall performance

TATA STEEL



Conclusion 1'7'\3\

[ Data collection ]

Development of mathematical
model

[ Model creation in Matlab ]

4 )
Validation of Matlab result
using collected data

[ Matlab model optimization ]

Optimized number of stages=3,
efficiency= 60%

Performance evaluation at
TATA STEEL

reduced flowrate




Future Scope of Work 1L

TATA

Control Application based on MIMO system

Model predictive control, robust control

TATA STEEL
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