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Abstract-A method is proposed for predicting the variations of air and water temperatures and of air 
humidity in a packed bed counterflow type of cooling tower subjected to a thermal disturbance. Heat 
input-response measurements are carried out by imposing thermal disturbances on inlet water and inlet 
air. The air-film and water-film heat transfer coefficients are estimated by fitting in the time domain the 

measured output temperature/humidity variations to those predicted. 

INTRODUCTION 

A LOT OF work has been conducted on the heat input- 
response measurements in two-phase (solid and gas) 
packed beds (see, e.g. refs. [14]), while less attention 
has been focused on the dynamic thermal behavior of 
three-phase (solid, gas and liquid) packed beds. Most 
investigations on cooling towers have been made 
under steady-state conditions [5-l 11. Recently, 
Younis et al. [12] carried out heat input-response 
measurements in a packed bed type of cooling tower, 
and obtained the relationships between the air-side 
and water-side heat transfer coefficients. 

THEORETICAL 

The system considered is a packed bed type of 
countercurrently operated cooling tower subjected 
to one-shot thermal disturbances in the inlet water 
and/or inlet air. The theoretical treatment is based 
on the following assumptions. 

(1) The column is adiabatic. 
(2) As packing, solid cylinders are horizontally 

placed loosely in the tower. These simulate the actual 
use of wire netting. The cylinder surface is completely 
wetted by water. 

(3) No temperature gradient exists across the water 
film covering the solid packing. 

(4) The parameters involved in the heat and mass 
transfer process remain unchanged in the tower. 

(5) The saturation humidity is expressed approxi- 
mately as a linear function of temperature. 

The air temperature (To), water temperature (T,), 
solid temperature (Tp), air humidity (Y), temperature 
at the air-water interface (Ti) and the saturation 
humidity (F) are expressed, respectively, as 

t Author to whom correspondence should be addressed. 

TG = T;+T& (1) 

TL = T,“+T; (2) 

T, = T,“+T;, (3) 

Y= Y”+Y (4) 

T = T,p”+Ti’ (5) 

Y, = Y,m + Y: (6) 

where the first terms on the right-hand side with super- 
script co show the steady state, and the second terms 
correspond to the variations due to the thermal dis- 
turbance. The variations are then expressed as [12] 

for the air phase 

I I 

~,p&,% = -GC,% - h,a(T;,-T:) (7) 

for the water phase 

-h,a,{Tt-(G),}; (9) 

at the air-water interface 

h&T&-TT,‘)+h,a(T;-- T;) = k@(Y,c- Y’); 

(10) 

for the solidphase 

(11) 
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NOMENCLATURE 

a air-water contact area per unit volume TL water temperature [K] 
of tower [m-‘1 TP solid temperature [K] 

ap surface area of solid packing per unit t time [s] 
volume of tower [m-‘1 x height of packed tower [m] 

B temperature effect on saturation X axial distance variable [m] 
humidity [K-‘1 Y air humidity [kg (water) kg-’ (dry air)] 

co specific heat of air [J kg-’ Km’] r, saturation humidity 

CL. specific heat of water [J kg-' K-‘1 [kg (water) kg-’ (dry air)]. 
G mass velocity of air [kgm-‘s-‘1 

ho heat transfer coefficient for air at the air- 
water interface [w m-‘K-‘1 

Greek symbols 

hL heat transfer coefficient for water at the Cl’ 
thermal diffusivity of solid packing 

air-water interface [Wm-‘K-l] 
[m2s-‘J 

h, heat transfer coefficient for water at the s 
r.m.s. error between measured and 

solid packing surface [w m-’ K-i] 
predicted output variations 

Jo, J, Bessel functions of the first kind and of 
zeroth and first orders, respectively 

Ez 
air volume fraction 
water volume fraction 

k, thermal conductivity of wire EP volume fraction of wire in tower 

[Wm-‘K-l] 
1 latent heat of vaporization of water 

4 mass transfer coefficient for water vapor IJW’I 
at the air-water interface [kg m-2s-‘] PG density of air [kgmd3] 

L mass velocity of water [kgm-*s-‘1 PL density of water [kgmm3]. 

R radius of wire [m] 
r radial distance variable [m] Superscripts 
s Laplace operator [s-‘1 I tower bottom 

To air temperature [K] II tower top 
T, temperature at the air-water interface co steady state 

WI I variations. 

at the solid surface 

k,z=h,(T;-_T6) atr= R. (12) 

The initial conditions are given by 

T&=TL=Tk=Ti=Y’=Y:=O att=O. (13) 

Using the Lewis relation 

and the following approximation : 

Y, = A+BT, (15) 
or 

Y: = BT: (154 

together with the initial conditions the basic equations 
are Laplace transformed. Note that To, 7 and FL are, 
respectively, the transforms of T&, Y’ and TL. For 
example 

s 

co 
ind = yq exp (-st) dt. (16) 

II 

We then obtain 

where superscripts I and II, respectively, represent the 
tower bottom and the tower top. The transfer matrix 
[F] is given by 

(18) 

Wa) 

P4@3)1 

(1%) 
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&GPG 
C=7 We) 

H=yH,-(1--)H, 

h& 
HG=p 

GCG 

&_ =g 

I. 

PI = -HG 

(18g) 

WW 

(18i) 

VW 

P2?P3 = y{-1 i,/(l +a)} (18k) 

p-H,-D 
4= 

P+HG 
(181) 

fkia t(=-- 
* 

(18m) 

hGal 

B= c,cl, 
WW 

&P 
* 

(180) 

q5=R -$ 
J( > 

(18~) 

I) = h,a 
( > 

1 + g + hLa. Wq) 
G 

Therefore, once the input disturbances, (T&)’ 
and/or (I”)’ and/or (Tt)“, are measured with time, 
the output variations, (Th)“, (Y’)‘I and (Tt)‘, may be 
predicted as functions of time. These calculations may 
be performed by expanding the input signals and the 
transfer functions as Fourier series [ 131. 

Also, we find from equations (7), (8), (14) and (Isa) 
that 

az 
EGPGCG 5 = -GCG g - h&Z 

where 

Z=T;,-f. 

Therefore 

(1% 

(194 

(Z(t))” = exp(-HoX)(Z(t-CX))‘. (20) 

It is interesting to note that (To)” - (Y’)“/B is a func- 
tion only of hGa, although (T&)‘* and ( y)i’ are func- 
tions of hGa and h,a. 

Disturbance on inlet water 
When the thermal disturbance is given in terms 

of the change in inlet water temperature, while the 
temperature and humidity of the inlet air remain 
unchanged, i.e. (T&)’ = (I”)’ = 0 and then (FG)’ = 
(0,’ = 0, equation (17) reduces to 

(To)11 = 2 (TL)ii (21) 

(Dii = 2 (TJi (22) 

(FL)’ = f (TJi (23) 
33 

where Fti is the (i,j)th element of transfer matrix [PJ. 
The matrix elements, F13, F2:23 and F33, are explicitly 
expressed as 

F,3 = psIl -exp {(P3 -&VI 

x exp {<p2 - CWI (W 

F23 = BF,, (23b) 

F 

33 

x exp (<p2 -0)X). (23~) 

Therefore, for a cooling tower subjected to the ther- 
mal disturbance of inlet water, equations (21), (22) 
and (23b) indicate that (n)” is equal to B(FG)‘I. It 
also indicates that if one of the three signals, (T;)‘, 
(TL)” and (?“&)‘I (or (I”)“), is measured with time, 
the other two may be predicted. 

Disturbance on inlet air 
When a thermal disturbance is given by the change 

in inlet air temperature, (Y’)’ = (T[)” = 0, and equa- 
tion (17) reduces to 

(TG)I’ = (Fll - F)(ITG)’ (24) 

(0,” = (4’ -F)(TG)I (25) 

(FL)1 = - +)I. (26) 
33 

Therefore, if one of the four signals, (TG)‘, (TL)‘, 
(T&)” and (Y’)*i, is measured with time, the other 
three may be predicted. 

EXPERIMENTAL 

The apparatus employed was identical with that of 
Younis et al. [12]. The tower made of polystyrene 
foam was packed with corrugated stainless steel wire 
netting of diameter 0.4 mm. Air was introduced to the 
bottom of the tower and water to the top. The air and 
water temperatures at either end of the tower were 
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Table 1. Experimental conditions and steady-state data 

Run 
No. 1 No. 2 

Tower, cylindrical : _ 
inside diameter, m 
height, m 

Mass velocity of air, kg m-* S-I 
Mass velocity of water, kg m-‘s-’ 
At the tower top : 

water temperature, “C 
air temperature, “C 
air humidity, kg (water) kg-’ (dry air) 

At the tower bottom : 
water temperature, “C 
air temperature, “C 
air humidity, kg (water) kg-’ (dry air) 

0.075 0.075 
0.05 0.05 
0.26 0.26 
0.38 0.39 

20.7 20.6 
16.0 15.8 
0.0094 0.0090 

17.1 17.1 
16.5 16.1 
0.0006 0.0007 

Run Nos. 1 and 2: steady-state operations before cold 
water was imposed at the tower top and warm air was intro- 
duced to the tower bottom, respectively. 

measured by thermistors. The humidities of inlet air 
and outlet air were measured by humidity-measuring 
elements (Shibaura Electronic Co., Tokyo, Model 
CHS-I-Hl). Preliminary experiments with the empty 
column, where water falls like rain, subjected to a one- 
shot thermal pulse on the inlet water, showed that 
the peak humidity of the outlet air measured by the 
element always appeared 30 s behind that of the air 
temperature measured by the thermistor. Therefore, 
all the humidity-time curves shown in this paper have 
been adjusted for the time lag by shifting the time 

-” __ 
0 300 600 900 1200 0 300 600 900 1200 
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15 

I 
0 600 900 1200 

Time. s 

scale 30 s earlier. The experimental conditions and 
steady-state data are listed in Table 1. 

Figures 1 (a) and (b) show the temperatures of water 
and the temperatures and humidities of air measured 
at either end of the tower, respectively, when the inlet 
water at the top of the tower was switched to colder 
water for a limited period of time and when the inlet 
air was heated for a limited time before entering the 
bottom of the tower. 

PREDICTION OF RESPONSE TEMPERATURES 

Disturbance on inlet water 
Using the input data of (T&,,, recorded with time 

and the parameter values listed in Table 2, the 
response temperatures, (TL)’ and (T&)“, are predicted 
from equations (23) and (21), respectively, as shown 
in Fig. 2(a). 

Disturbance on inlet air 
Similar calculations for (T&)” and (TL)r are per- 

formed, respectively, from equations (24) and (26) 
with the input data of (To)&,:,,, and the parameter 
values of Table 2, with the results shown in Fig. 2(b). 

As depicted in Figs. 2(a) and (b), the response tem- 
peratures predicted are in good agreement with those 
measured. In these calculations, hpap was temporarily 
assumed to be 10000 W mm3 K-’ and sL was 0.01. 
However, it was found that &a, and aL had little effect 
on the prediction of temperature response curves. Any 
h,ap value in the range 1 to co and any .a,_ value 
less than 0.1 caused no appreciable difference in the 

/ CT/' 
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I" I I I 
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FIG. 1. Temperatures and humidities measured at either end of the tower : (a) cold water introduced to 
the tower top ; (b) warm air introduced to the tower bottom. 
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Table 2. Data used for the prediction of temperature and 
humidity variations 

Height of tower 
Air : 

mass velocity 
density 
specific heat 
volume fraction 

Water : 
mass velocity 
density 
specific heat 
volume fraction 

Stainless steel wire netting : 
radius of wire 
thermal conductivity 
thermal diffusivity 
volume fraction 

Latent heat of vaporization 
Temperature effect on 

saturation humidity 
Heat transfer coefficients 

X = 0.05 m 

G = 0.26 kg mm2 s-’ 
p. = 1.21 kg m-3 
C, = 1.02 kJ kg-’ K-’ 
E.G = 1 -&L-&p 

L = 0.38 kg m-’ s-’ 
pL = 1000 kg me3 
C, = 4.18 kJ kg-’ K-’ 
EL = 0.01t 

R = 0.2 mm 
k, = 19 W m-’ K-’ 
c+ = 5.3 x lOA mZ s-’ 
Ep = 0.015 
3, = 2460 kJ kg-’ 

B = 0.0008 K-‘$ 
h,u = 8000 W me3 K-‘$ 
h,a = 30 000 W m-3 K-‘f 

h++ = 10 000 W m-3 K-It 

t Assumed. 
1 Estimated from steady-state operations. 

response curves obtained. Some difference resulted 
when E,_ was larger than 0.1, a value which is, however, 
unrealistically large. 

PARAMETER ESTIMATION BY CURVE- 

FITTING IN THE TIME DOMAIN 

The values of the three parameters, B, hGa and hLa, 
employed for predicting the temperature responses in 

Time, s 

the preceding section were obtained from steady-state 
operations. Determination of the values of these three 

parameters under dynamic conditions is studied in 
this section. 

Disturbance on inlet water 
Using the experimentally measured ( TL)&,tl-t 

curve and various assumed values of B, hGa and h,a, 
(Tt)‘-t and (Tk)‘-t curves are predicted from equa- 
tions (23) and (21), respectively. Figure 3(a) is an 
error map indicating the effects of B and h,a on the 
calculations of (T$-t and (T&)“-t curves, when hoa 
is fixed at 8000 and lo6 W rnw3 K-‘. The solid-line 
contours for (T#, for instance, indicate that the B 
and h,a values within the two contours, using a hoa 
value of 8000 W me3 K-‘, give the predicted (TL)‘-t 
curves different from the measured curve, ( T~)&,l-t, 
by less than the r.m.s. error of 10%. A similar error 
map showing the effects of B and hoa at selected h,a 
values of 30000 and lo6 W me3 K-’ is illustrated in 

Fig. 3(b). 
In Fig. 3(a) for the case where h,a is 8000 W m-3 

K-i, the values of B and h,a may be determined from 
the hatched area where the pair of solid-line contour 
planes overlap. When hoa is lo6 W mm3 K-‘, another 
set of B and h,a are obtained from the hatched area 
where the two dotted-line contour planes overlap. 
Also, from the hatched areas in Fig. 3(b) two sets of 
B and hGa values are obtained corresponding to the 
two h,a values of 30000 and lo6 W me3 K-‘. The 
values of h,a (or hca) thus obtained are found to 
depend upon the assumed values of hGa (or h,a). 

- exDt1 

CT$ 
---talc 

Time. s 
(b) 

FIG. 2. Comparison between measured temperature variations and those predicted : (a) cold water intro- 
duced to the tower top ; (b) warm air introduced to the tower bottom. 
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FIG. 3. Error maps obtained from the experiment introducing 
cold water to the tower top : (a) plot of E vs h,a; (b) plot of 

B vs h,a ; (c) plot of h,a vs h&p. 

However, the value of B is almost independent of the 
h,a and hoa values : from Figs. 3(a) and (b) the value 
of B is found to be in the narrow range from 0.0006 
to 0.0010 K-’ or roughly 0.0008 K-‘. 

Using this B value thus determined, h&r,a 
relationshins are calculated as shown in Fig. 3fc). The 

Two dynamic experiments were carried out in a 
countercurrent type cooling tower at almost the same 
air and water flow rates : a thermal disturbance given 
to the inlet water and one imposed on the inlet air. 
The temperature of the outlet water and the tem- 
perature and humidity of the outlet air predicted were 
in good agreement with those measured. The experi- 
ment imposing the thermal disturbance on the inlet 

Y \I 
water determined the value of B (which gives the 

- exDt1 

Tlme, s 

FIG. 4. Comparison between measured (Tb)“- (Y’)“/B and 
those predicted. 

contour planes for (rt)’ and (To)” again indicate, 
respectively, that the ( TL)’ and (T&)” curves predicted 
with the h,u and hou values within the contours agree 
with the corresponding measured response curves 

within the r.m.s. error of 10%. The contour plane for 
(Tt)’ with the r.m.s. error of 0.1 is wider than that for 
(T&)” with E = 0.1, but the two contour planes are of 
the same hyperbolic type and the latter lies within the 
former. Similar hlu--hou relationships of hyperbolic 
type were obtained by Younis et al. [12], from experi- 
ments based on the thermal disturbance of the inlet 
water. 

Disturbance on inlet air 
Using the B value already determined and 

(G X&,-t and ( I”X&-t curves, (T;; )&,i - ( I’&i lB 
values are obtained as a function of time, as 
shown together with the (T&)f;,,,,-t curve in Fig. 4. 

The function, {(T&)“- ( Y’)l’/B}calc, can be com- 
puted from equation (20). In the computations hou 
were assumed to be 6000, 7000 and 8000 W mm3 
K-‘. As shown in Fig. 4, the curve predicted with 
hoa = 7000 W mm3 K-’ agrees reasonably well with 
the measured curve (r.m.s. error of 10%). 

Using this hou value, h,u is estimated from the con- 
tour for (T,&)” with E = 0.1 in Fig. 3(c) to be from 
40 000 to 50 000 W mm3 K-’ or roughly 45 000 W me3 
K-‘. It should be noted that the values determined 
from the dynamic operations seem reasonable in 
comparison to those (B = 0.0008 K-l, hou = 8000 
and hi,u = 30000 W mP3 K-i, as listed in Table 2) 
obtained from the steady-state operations. 

CONCLUSIONS 
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temperature effect on saturation humidity) and a 
relationship between hLa and hoa. These were 
obtained by curve-fitting in the time domain of the 
measured outlet temperatures of air and water to 
those predicted. 

From the experiment giving the thermal dis- 
turbance on the inlet air, hoa was determined by time 
domain fitting of the (T&)&,,, -(I”)& /B curve. 
Consequently, h,a was also determined. These h,a 

and h,_a values thus determined from the dynamic 
operations were found to agree reasonably with those 
obtained from the steady-state operations. 
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ESTIMATION DE PARAMETRE POUR LE REFROIDISSEMENT DANS LE 
GARNISSAGE D’UNE TOUR, A PARTIR DE LA TECHNIQUE ENTREE-REPONSE 

THERMIQUE 

R&m&-On propose une methode pour predire les variations des temperatures d’air, d’eau et celles de 
I’humidite de l’air dam un garnissage de tour de refroidissement a contre-courant, soumis a une perturbation 
thermique. Les mesures thermiques entree-reponse sont faites en imposant des perturbations thermiques a 
I’eau entrante et a Pair entrant. Les coefficients de transfert thermique film d’air et film d’eau sont estimes 
en ajustant dans le domaine temporel les variations en sortie des temperatures et de l’humidite B celles 

calculies. 

PARAMETER-ABSCHATZUNG FUR DEN KUHLTURMBETRIEB DURCH 
VERWENDUNG EINES STOR-ANTWORT-VERFAHRENS 

2~~~nf~~Es wird ein Verfahren vorgestellt, mit dessen HiIfe es miiglich ist, den EinfluB 
veranderter Eintrittstem~raturen auf die Luft- und Was~rtemperaturen sowie die Luftfeuchtigkeit in 
einem Gegenstrom-Ktihlturm zu bestimmen. Hierzu werden bei gezielter Storung des Eintrittszustandes 
Messungen der zeitlichen Veranderungen durchgeftihrt. Es werden die luft- und wasserseitigen Warme- 
iibergangskoeffizienten abgeschltzt, indem die gemessenen Temperatur/Feuchtigkeitdnderungen und 

die vorausberechneten angepagt werden. 

OHEHKA PABOrIkiX I-IAPAMETPOB I-PA&MPHH C HJIOTHOti HACAAKOfi METOBOM 
PEAKLIHH HA TEI-IJIOBYlO HAI-PYJKY 

Armoramrs-Hpenno~eti Meron pacsera n3brerienrriir rebnteparypbt eo3nyxa H BoA~I, a Taroxe anaw(- 
HOCTH BO3A)'Xa B rpaxuprre II~OTHBOTO~HO~O TEna c IIJIOTHOE Hacamofi npu HZlJIOleHHli TeiZlOBOTO 
B03hfyuqesnis.TennOBbIe ~~M~H~I“B~~M~~u~HH~---~T~~~K~~KII I'XpOBOAHJlHCb lQ'TeMCO3AaliBS TeMllepa- 

TyPHMx XOxe6aEd Ha BXOAe 80.5X H BO3Ay~.o~e~a KO~n~eHTOB Te~O~e~H~ 01 BO3AyXa W 

BOG K nneHae ~~~Bo~acb ny~ehs coxwxaB.ne~~~ A3rdepeHHbxx 3xaqemii TewxepaTypbl w nnax- 

HOCTHHaBbIXOg(eCpaC#iHTaHHblbiHBTOi%~eB~MeHHOfi06JIaCTil. 


