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Appendix C TC  "Appendix C" \l 1 
Cooling Spray Description

C 1 EES program for spray calculation

The following section shows the EES  program that was used to calculate the spray performance shown in chapter 4.4:

"weather conditions"

"wet bulb temperature of ambient air"

T_wb_eu=70   "[F]"

"conversion into SI-units, as the program works in SI units"

T_wb_a=(T_wb_eu-32)/1.8  "[C]"

"a constant relative humidity of the ambient air is assumed"

R=0.5

"water initial temperature"

T_H_eu=100 "[F]"

T_H=(T_H_eu-32)/1.8  "[C]"

"wind profile calculated with power law"

"reference height at which wind speed is measured"

Z_r=10 "[m]"

"measured velocity at reference height, h_r"

v_inf_m=5   "[mph]"

v_inf=v_inf_m*0.447 "[m/s]"

"power law coefficient"

kappa=0.26

"velocity profile integrated, to get average"

v_av=sin(psi)*(v_inf/(kappa+1))*(Z_s/Z_r)^kappa "[m/s]"

"angle of approach to channel flow"

psi=90 

"spray height above water"

Z_s=3.6 "[m]"

"spraying height, over nozzle "

Z_u=2.1 "[m]"

"spray radius"

R_s=4.9 "[m]"

"gravitation constant"

g=9.81 "[m/s^2]"

"vertical speed, average from up- and downward movement"

w_d=((2*g*Z_u)^0.5/2+(2*g*Z_s)^0.5/2)/2

"horizontal velocity of droplet"

v_d=(2*g*Z_u)^0.5*R_s/(4*Z_u)

" time of droplet in the air, frictionless assummed"

t_f=(2*Z_u/g)^0.5+(2*Z_s/g)^0.5 "[s]"

"calculate relative velocity between drop and  air"

u_d^2=w_d^2+v_d^2+v_av^2

"Spray geometry and drop trajectory, spray canal specification"

"Sauter mean diameter"

D_vs=0.22e-2 "[m]"

"determination of total area and mass flow rate"

"number of nozzles per cluster"

N_n=4

"number of clusters per row"

N_c=5

"number of rows"

N_r=4

"total number of clusters"

N_tot=N_c*N_r 

"distance between rows, center to center"

D_r=25*0.3048 "[m]"

"distance between clusters, center to center, along one row"

D_c=13*0.3048 "[m]"

"length of cluster leg"

L_c=10*0.3048 "[m]"

"extension of cluster"

D_s=0.5*(L_c^2/2)^0.5 "[m]"

"width of spray field, perpendicular to flow direction"

W=(N_r*D_r+2*D_s+2*R_s) "[m]"

"length of rows"

L_r=(N_c*D_c+2*D_s+2*R_s) "[m]"

"total area covered by spray"

A_s=L_r*W "[m^2]"

A_s_ac=A_s/4047 "[acre]"

"flow rate per nozzle"

V_N=53 "[gpm]"

"total flow rate"

V_tot_spr=N_tot*N_n*V_N  "[gpm]"

V_tot=V_tot_spr*3.785e-3/60 "[m^3/s]"

"estimated power requirement per 1000 gallons sprayed, from separate calculation"

P'=10/1000 "[kW/gpm]"

"total power requirement"

P_tot=P'*V_tot_spr "[kW]"

"total mass flow rate"

m=V_tot*rho_w "[kg/s]"

"mass flow rate per unit length of canal"

m'=m/L_r  "[kg/m*s]"

"evaluation of properties"

"film temperature to evaluate properties"

T_fi=(T_H+T_wb_a)/2

"air viscosity, dynamic"

mu_a=Viscosity(AirH2O,T=T_fi,P=1,R=R) "[kg/m*s]"

"air density"

rho_a=1/Volume(AirH2O,T=T_fi,P=1,R=R) "[kg/m^3]"

"air viscosity, kinematic"

nu_a=mu_a/rho_a "[m^2/s]"

"specific heat of air"

c_pa=SpecHeat(AirH2O,T=T_fi,P=1,R=R)*1000 "[J/kg*K]"

"thermal conductivity of air"

k_a=Conductivity(AirH2O,T=T_fi,P=1,R=R) "[W/m*K]"

"density of water"

rho_w=1/Volume(Water,T=T_H,P=1) "[kg/m^3]"

"evaluate b_f, which is dh/dT at T_f"

h_u=Enthalpy(AirH2O,T=(T_fi+0.1),P=1,R=1)*1e3 "[J/kg*K]"

h_l=Enthalpy(AirH2O,T=(T_fi-0.1),P=1,R=1)*1e3 "[J/kg*K]"

b_f=(h_u-h_l)/0.2 "[J/kg*K]"

"specific heat of water"

c_pw=SpecHeat(Water,T=T_fi,P=1)*1e3 "[J/kg*K]"

"Reynold's number for a droplet"

Re=u_d*D_vs/nu_a

"Prandtl number of air"

Pr=c_pa*mu_a/k_a

"Nusselt number from Ranz and Marshall"

Nuss=2+0.6*Pr^(1/3)*Re^(1/2)  

"mass transfer coefficient from Nusselt and epsilon"

Nuss=(K_m*0.89*c_pa*D_vs)/k_a

"NTU from mass transfer coefficient"

NTU=(6*t_f*K_m)/(rho_w*D_vs)

"Energy calculation"

"energy rejection per unit length of flow channel"

Q'=(T_H-T_wb_a)*b_f*rho_a*v_av*Z_s*A "[W/m]"

A=(1-exp((-(1-exp(-NTU*b_f/c_pw))*m'*c_pw)/(b_f*rho_a*v_av*Z_s)))

"cold water temperature"

Q'=m'*c_pw*(T_H-T_C) "[W/m]"

"conversion into English units"

T_C_eu=T_C*1.8+32 "[F]"

"cooling range of spray"

range=T_H_eu-T_C_eu "[F]"

"effectiveness"

eta=(T_H-T_C)/(T_H-T_wb_a)

"evaluation of ability to cool down the total cooling water"

"number of tower pumps"

n_t=1

"an average value of 100,000 gpm flow per tower pump is assumed"

V_tot_cs=402000-n_t*100000 "[gpm]"

"mixed water temperature after spraying"

T_mix=((V_tot_cs-V_tot_spr)*T_H+V_tot_spr*T_C)/V_tot_cs "[C]"

"conversion into English units"

T_mix_eu=T_mix*1.8+32 "[F]"

"total range of spray system"

range_t=(T_H_eu-T_mix_eu) "[F]"

C 2  Parameters of particular spray system
The parameters are obtained for the Sprayco1751 spray nozzle from manufacturers data [19] and from experimental results given in [22]. The following list summarizes the parameters for this particular spray system.

DVS=0.22 cm

Nn=4

Nc=5

Nr=4

Dr=7.6 m

Dc=4 m

Lc=3m

VN=53 gpm

pdis=7 psig

Zs=3.6 m

Zu=2.1 m

Rs=4.9 m

C3 Auxiliary power requirement


The estimation of the pressure rise the supply pump has to produce is shown in detail for the spray cluster. The procedure follows the one outlined in [28].


 EMBED Word.Picture.8  


Figure C1 Geometric values for pressure drop calculation TC  "Figure C1 Geometric values for pressure drop calculation" \l 5 

Figure C1 shows the geometry of the spray cluster. Values given in [19] will be used for the actual calculation. The gage pressure at point 2 is calculated using Bernoulli's equation. 


 EMBED "Equation" \* mergeformat  






(Equ. c3.1)
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 is the head loss due to friction between point 2 and the discharge point. The head loss consists of several parts:

-friction loss in pipe

-losses in junction box

- losses in elbow

The single loss terms are estimated using relations in [28]. The total head loss due to friction is then estimated to
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 = 1.35 ft. 


The velocities in the pipes can be calculated from the volumetric flow rate and the pipe diameter. The cluster leg pipe has a diameter of 2". In addition to the head loss the pump has to supply the energy for the difference in elevation between the discharge point and the water level, in the plot shown as the difference between h2 and hd. For the Sprayco system a difference of 5 ft is assumed. The total gage pressure the pump has to supply in the supply pipe is then calculated as 10.33 psig, including all losses and the discharge pressure. 


The water comes from one pump and has therefore to be distributed to each single cluster. An additional pipe loss in the supply pipe has to be accounted for. Of course the flow velocity in the supply pipe depends on the number of clusters in one row. The size of the system is that used in chapter 4.4.5, and an estimate is made for the pressure drop in a supply pipe for four clusters. The diameter recommended in [19] is varying in flow direction, as the flow rate is not constant but decreasing. 


An average pressure drop in the supply pipe is estimated to 0.6 psi. The total pressure rise the pump has to supply becomes 

 . 

From the volumetric flow rate and the pressure drop the required pump power can be estimated. 
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(Equ. C3.2)

where 

 is the pump efficiecy. The pump efficiency is estimated to 60% to get a conservative estimate. Calculating the power for a row of five clusters with a total flow rate of 1060 gpm, the pump power per 1000 gpm water sprayed is 
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