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SYNOPSIS

The practical modelling of surface discharges of cooling water is discussed.
The effects of having different vertical and horizontal geometric scale ratios
are eatimsted by spplying inspectional analysis on a mathemstical model of
surface buoyant jets. By knowing what these effects are it is possible to
transfon the resuits of sn investigstion in a distorted model into prototype
conditions.

RESUNE

Le modelage physique des rejets deau de refroidissement est discut~. Les
effets dune échelle différente pour Vaxe vertical par rapport ~ laxe
horizontal, dune analyse sont déduits ds Vapplication dinspsction sur un
modfle math~matique de rejets de surface. Quand ces effets sont 000nus il
est possible de transférer les résultats de mesures sur un modéle distordu
ä des conditions prototypes.
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1. IMTR0DUCTION

In order to prediet the wara—water spread from surface discharge of cooling
water from steam power planta, physicat models have been used frequently during
the last decades. These modets have, in most cases, been distorted i.e. they
have been constructed with different vertical and horizontal scale factors.
Because of the distortion. the warm—water spread cannot be correctly reproduced.
Therefore distorted model investigations have often been criticized. AtthOugh
scating rules have been previously discussed (e.g. Silberman and Stefan 1970),
very little has so far been done to eatinate in what way and how much the dia—
tortion affecta the reaults of an inveatigation. The work by Häggatröm (1978),
aeems to be the first one that tries to give an overali picture of the prob—
lema encountered.

During the last decade, several mathematicat models have been preaented by dif—
ferrent authora. Most of theae modela are based on numerical solution tech—
niques, for instance, the modets devetoped by Stolzenbach and Harleman (1971),
Prych (1972), and Shirazi and Davis (1914). The latter mndel, catled the FSO
modet, is to a great extent baaed on the Prych modet and ia considered by Dunn
et.at (1975) to be one of the best eodeis availabte. However, the accuracy of
!1e numerical modets is considered poor.

A few modela with analyticat sotutions are, however, availabie (Stolzenbach
and Harleman 1971),(Pande and Rajaratnam 1975), (Engetund and Pedersen 1973),
and (Engelund 1916). The modela developed by Stolzenbach and Harteman as weil
as that devetoped by Engelund seem to be the nost reliable ones (Häggström)
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Stoizenbach and Harleman, however, do not take buoyancy effects into consider—
ation. All the analytical models disregard ambient diffosion and ambient cor—
rents and are thus of limited value for practical prediction of warm—water
spread.

Mathemacical modeis are, thos, considered to give poor esrimates of, for ex—
ample, excess temperatore areas. However, this does not imply that they can—
not give an approximately correct picture of the relative importance of differ—
ent parameters, We thus believe that existing mathematical models can be osed
for an approximate evaluation of distortion effects. Because of this, the
prediction of warm—water spread in physical model investigations can be im—
proved.

The effect of distortion in phyaical models has been evaluated by H~ggström
(1978) by means of different mathematical models, laboratory experiments and
case studies. In this paper, we will only demonstrate the technique to be
osed when founding the evaluation on Engelund5 analytical solution. As
this model, like most other models, is mainly based on jet entrainment theory,
the discussion is limited to the near—field where jet diffusion is important.

2. ENGELUNDS ANALYTICAL SOLUTION TO THE SURPACE BUOYANT JET PROBLEM

ln this theory, Engelund applies the entrainment principle to a buoyant sur—
face jet with buoyancy affecting vertical entrainment as wetl as longitudinal
and lateral spread. ilorizontal entrainment is disregarded and the ambient
water is considered quiescent, homogeneous, and infinitely deep. Engelund
obtains the following set of equations

~°= ~ (1)

T ,t—7/9 (2)
T

0

= c~ Rih/2(f)l3/’9 (3)

ii = (X)l19
D L

and as an additional condition

~ —~—~l (5)7 Ri D
0

where u = velocity at centre—line of jet

x = coordinate along centre—line of jet

L = characteristic horizontal length of jet

T excess temperature at centre—line of jet

B width of jet

Ri — c2 ! bulk Richardson nuaber

H thickness of jet

C,c.1O
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D characteristic vertical length of jet

e entrainment factor corresponding to Ri=1.O (constant)

Index o indicates that the parameters are from a reference section. The charac—
teristic Iength parameters D and L are unknown functions f the fl.ow, velocity
and excess temperacure (density deficit) of the reference section. Therefote
Eqs (1)—(5) cannot be used directly fot an inspectional analysis.

We introduce another control section, index c, in the How which gives us the
following simple set of equations

(6)

T — ~x .,—7/9 7
T xc c

5 (x ~l3/9 8
B xc c

II (X ~l/9 9
II xc c

If we can express x , II and B in the parameters Q , u , and T , where Q is
the volume flux, th~n i~ is po~sible to appiy the igspe~tionai ~nalyais to
Eqs (6)—(9). In order to do this, we mun apply Eqs (l)—(4) to our control
section, using the definition of Richardson number, Equation (5) and the
following expreasion of the volume flux.

Qc3Bllu (10)

By using arithmetric we obtain the following expreaaion for c, II and Bc

x = c T 1/7 q u —6/7 (11)c 4 c c c

= c5 ~ Qc2~~7 ~ (12)

8c = ~ ~c u_1i~’7 (13)

Equations (6)—(9) will then take the fora

= c7 T119 ~c419 uc_2~?3 ~ (14)

~8 ~1~’9 ~4/9 uc_2h?3 x~’~ (15)

B = c9 T 2/9 Q;l/9 u’’~ x13~’9 (16)

14 = c10 T41~ ~c 2/9 uc 2/3 1/9 (17)

C,c,1O
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In this form, the equations can be used for an inspectional analysis,

3. INSFECTIONAI. ANALYSIS

Before the inspectional analysia is introduced, the foliowing aasumptions are
made

o Physical modelling of the flow in 4he control section is made according to
the Froude scaling law i.e. u1 1/2 ~ 13/2 )~hhu/2, Tr 1.0.

with index r indicating model to prototype ratio, and where 3 and 3h are
vertical and horizontaj modet to prototype geometric scale rjios,
respectively,

o The depth and the width of the jet flow of the control section are supposed
to follow the theory of Engelund. Then, it follows from Eqs (12)—(13) that
(B) r ~ 3h and (II) ~ It also follows from Equation (il) that
(x ~r 3h e.g. the origo of the x—coordinate in the model and in the proto—
ty~e, respectively, have different positions. The theory thus has to be
applied 5° far from the control section that the influence of the different
positiona can be disregarded. As the only purpose of this paper is to evalu—
ate effects of dietortion, knowledge of the absolute position of the con—
trol section is not necesaary.

With these assumptions it is possible to use Eqs (14)—(l7) to calculate the
effects of having different vertical and horizontal acale ratios

(i..) •~l/3~-l/3 (18)
u r v hc

(T)31/33-t/3 (19)
T r v hc

B 1 —1/3 (20)r h v

= x 1/3 2/3 (21)r h v

The equations above ahow that the effects of distortion are as follows:

The centre—line velocity is incorrect by a factor of
11/3 ~h~’3 (too great)

The centre—line temperature is incorrect by a factor of
3113 (too great)

The flow width is incorrect by a factor of

(too small)

The thickness of flow is incorrect by a factor of
—1/3 1/3 (too small)

v h

This evaluation is valid only as long as the theory is valid, which, accord—
ing to Engelund, is, in the caae of a Richardson number, greater than 0.1.
An upper limit is ijqt given. This corresponds to a Froude number,
Få (u2/ g ~ ~ /2, of the order of 3 or less. Since the Richardson

Ccli’
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number increases with the distance from the outlet, a warmi—water flow with a
higher 0talet densimetric Froude number can follow Engelunds theory excepl
close to the outlet.

4. C0MFARIS0H WITH LABORAT0RY DATA

There are very few Iaboratory investigations of surface buoyant jet where the
width to height ratio (A) of the outiet is the only parameter varied, which
is a presueption for the data lo be used for evaluating effects of distortion.
In this case, the conditions for Engelunds theory must at the saee tise be
fulfilled. One data set of Stolzenbach and Harlesan (1971) fuifil these
requirements if we consider the last statement in Section 3.

The centre—line excess temperature has been seasured for two surface jets and
is plotted in Figure 1 against the dimensionless distance x/B,1 from discharge
(Bd width of rectangular outlet). Straight lines are fitted to data with
the method of least squares.

TI T0
1.0 Ca)

0.5

0.2

0.1 X/Bd
1 2 5 10 20 50 100 200 500 1000

Figure 1. Centre—line excess tesperature versus distance from outlet for
surface discharges with Få = 6.53 and A = 1.56 and Få 6.60
and A = 0.51 respectively. ~8d width of rectangular outlat).
Data from Stoizenbach and Harieman.

Figure 1. Exc6s de temflrature le long de laxe central en function de
la distance du point de rejet respectivement avec F~ 6.53
et A = 1.56 et avec Få 6.60 et A = 0.51 (Bd largeur du
canal de rejet rectangulaire). Resuttats de mesures Capr~s
Stoizenbach et Harteman.

The experiment with outlet densimetric Froude number Få 6.60 and aspect
ratio A 0.512 is regarded as a reproduction of the experisent with Få
6.53 and A = 1.56 at a distortion of 1.56/0.512 3.1. This leads to the
resuit that the centre—line excess temperature is too great by a factor of
1.2—1.4 in this reproduction. This nusber should be cospared with the cor—
responding number calcutated from Equation (19) giving 3.1 1/3 — 1.46. Thus
the theoretical and experimental resuits correspond weil.

F~=6.53 *

Fa6.60 A:
1,56
0.512



307

5. CONCLUDINC REMARKS

In most cases, the nature of the warm—water spread is very complex, much more
complex than can be deacribed by theoretical models. Evaluation of the effects
of distortion based on one mathematical model is not sufficient to get reliable
resutts. Other models and methods should be used and if possible in combina—
tion with field measurements on existing discharges. Figure 2 shows a trans—
formation of model results into prototype conditions based on calculations
using the Prych modet and measurements in the distorted model (Xh= 1/400,
Av = 1/50) and in the prototype of a cooling water discharge (25 m3/s)
(Rehm and Häggström 1976).

Model measuresm.nts

0
Measuresmerits transformed

IftEm into prototype conditions

0.1

Figure 2. Excess temperature T/T s measured in model and after
transformation into prototype conditions for a discharge
of 130 m3/s.

Figure 2. Excés de température T/t~ mesur~s sur un modéle physique
et apr~s adaptation aux conditions prototypes pour un
rejet de 130 m3/s.

Warm water discharge 130 m3/s
Outtet velocity 2 m3/s

0.2 — —

Raha 1. , and I4äggström, 5. (1976): “Oskarsham&s Nuclear Power Plant.
Model Studies of Cooling Water Spread at Future Expansinn”. Part 1—Nain
Report. Part It—Appendices. Bulletin 86, Department of llydraulics,
Chalmers University of Technology, Gothenburg, 1976 (in Swedish).
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