NUMERICAL MODEL STUDY OF TEMPERATURE DISTRIBUTIONS IN A HARBOUR

by

ROGER A. FALCONER1

ABSTRACT

The paper gives details of a study to predict numerically the
background temperature rise in Poole Harbour and Holes Bay, in Dorset,
England, caused by the siting of either a 700MW or a 350MW power
station, The numerical model is based on the numerical integration of
the flow equations which simulate the water movements of tides and upon
numerical integration of the advective-diffusion equation representing
the movement of heat.

The results of the study predominantly suggest that the
temperature field is proportional to the station capacity, with the
maximum and mean temperatures across the basin for the 700MW station
capacity being almost exactly double the corresponding values predicted
for the 350MW station capacity. Observations from the velocity fields
and tidal prism ratios both tend to suggest that Poole Harbour and
Holes Bay have poor flushing characteristics, which confirm the relative-
ly high temperature predictions in that only a relatively small volum-
etric percentage of the heated water is flushed out of the basin during
each flood tide.

INTRODUCTION

A two-dimensional numerical model has been developed to predict
the depth average velocity fields and temperature distributions in
narrow entranced harbours, within which a warm water outfall may be
located. In a study for the Central Electricity Generating Board the
model has been applied to Poole Harbour and Holes Bay, in Southern
England, where the main objectives have been to determine the tide
induced velocity fields and to make an assessment of the background
temperature rise in the harbour as a result of a heated discharge from
a power station having two possible capacities, i.e. either 700MW or
350MW. Water extracted from the entrance to Holes Bay, which is
connected to the northern part of Poole Harbour and diametrically
opposite the harbour entrance, flows through the condensers of the
power station to be heated through 10K before being discharged back into
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the middle of Poole Harbour through a diffuser located approximately
500m south of the northern shoreline of the Harbour, see Fig.1.

The numerical model is based on the depth integration of the
governing hydrodynamic equations which define the tidal water movements
within the basin, and upon integration of the advective-~diffusion
equation representing the movement of heat. The geometry of Poole
Harbour is of particular interest to the numerical modeller since the
narrow entrance illustrated in Fig.1, gives rise to relatively large
advective accelerations, Also, the plan wetted surface area of the
harbour changes considerably throughout the tidal cycle, with the
surface area at low tide being appreciably smaller than the correspond-
ing surface area at high tide.

Other difficulties encountered in the numerical model study
were the treatment of the open boundary conditions, particularly for
temperatures at the seaward boundary on the flood tide, and also the
simulation of the temperature discontinuity at the point source outfall.

GOVERNING EQUATIONS

The governing equations used in the numerical model to determine
the water elevations, the depth averaged velocity components and the
horizontal temperature variations in Poole Harbour were the two momentum
equations, describing the fluid motion in the horizontal plane, and the
equations of mass and heat balance. For a constant density turbulent
fluid flow on a rotating earth, the depth integrated momentum equation
for flow in the x-direction can be expressed as, (see Falconer (1976) and
Goldstein (1938):-

VaZ+q2
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where q_ and q_ = discharges per unit width in the x and y directions,
with U and V bging the corresponding depth averaged velocity compon—
ents, B = a correction factor for the non-uniformity of the velocity
distribution, H = total depth of flow, n = water surface elevation
above chart datum, f = Coriolis parameter = 2wsin¢ where w is the
angular velocity of the earth's rotation and ¢ the geographical
latitude (assumed to be 50.012°),¥% = gravitational acceleration, C =
Chezy's roughness coefficient = H“//n where n is Manning's roughness
coefficient (assumed to be 0.035) and € = depth mean eddy viscosity
which, for an assumed logarithmic velocity profile in the vertical
plane, becomes 0.07 g(q;+q;)/c.

The depth integrated conservation equations for mass and heat
transport can be expressed in a similar manner, giving for mass:-

3q 9q
an _X e AR
=t + =t 5y 0 veeee. (3)
and for heat, see Fischer (1978):-
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where T = depth averaged temperature, E = surface heat exchange coeffi-
cient (assumed to be 30W/m?/K), T_ = equilibrium temperature (assumed
to be zero), pCp = specific thermal capacity of fluid (assumed to be
4.2M3/m*/k for water), T;y = temperature at power station inlet, AT =
tgmperature rise across the condensers (assumed to be 10K), Qour =
discharge from the power station outlet (corresponding to 23.4m®/s for
a 700MW power station and 11.7m%/s for a 350MW power station), Agyr =
plan cross-sectional area of outfall from power station and D D
D - and D = depth averaged dispersion coefficients in the x,x§’ s
erectiongyrespectively, which have been shown by Preston (1981a) to be
of the form:-

I (D,q2 + thfz)/é— . _(ngfI +D.a’)/g”
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where D, and Dy are constants referring to the longitudinal dispersion
and lateral diffusion components of the depth averaged dispersion
coefficients and have assumed values of 5.93, after Elder (1959), and
0.15, after Fischer (1973), respectively for a logarithmic velocity
profile. The numbered terms of the heat balance equation (4) refer to
temperature variations within the domain as a result of : local effects
(1), advective effects (2), net surface heat transfer (3), heat source
such as an outfall (4) and turbulent diffusion and dispersion (5).

FINITE DIFFERENCE REPRESENTATION

The finite difference equations corresponding to the govern-—
ing differential equations were expressed in an alternating direction
implicit form with all terms being fully centred in both space and time,
except for the pressure gradients in the momentum equations and the
cross~product diffusion terms in the heat balance equation, see Falconer
(1980 and 1981). The first order scheme, with accuracy O(At, Ax?),
involved the discrete values of the variables being represented on a
space staggered grid scheme in which water elevations and temperatures
were described at different grid point locations to the discharges per
unit width in the x and y directions.

The only terms requiring special mention are the advective
accelerations expressing the lateral transport of momentum in the x and
y directions of the momentum equation, e.g. the Vq, product term in
Eq.(1). These terms were represented in the finite difference scheme
as for the Marker and Cell Technique so that their spatial locations
were dependent upon the direction of the velocity components perpen-
dicular to the axis direction being considered, see Williams and
Holmes (1974).

The boundary conditions used for the hydrodynamic model of
Poole Harbour included zero discharges per unit width perpendicular to
the closed boundaries, with known uni-directional inflows being
specified for the rivers and the power station throughflow. At the
seaward boundary, just outside the harbour entrance, water elevation
variations were assumed to vary in the same manner as for the mean
spring and neap tidal curves given on the Admiralty Chart No.2611.
The local discharge of heated water from the power station outlet was
accounted for in the model by increasing the local water elevation in
the mass conservation equation by an appropriate amount at the discrete
point coinciding with the outfall.

For the heat balance equation the temperatures at the open
boundaries also needed to be described as a function of time, together
with the river inflow temperatures which were assumed to be zero at
all times. At the outer seaward boundary, temperatures for the ebb
tide were extrapolated linearly from values computed within the
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computational field, as given by Leendertse and Gritton (1971). 1In

this approximation only transport of heat by advection to the boundary
was simulated, with dispersive heat transport assumed to be negligible.
This method of determining the boundary temperature was also used to
evaluate the temperature at the power station inlet, where flow was
always in the outward direction across the boundary as for the ebb tide.

For the flood tide temperature variations at the open
boundary PRESTON (1981b), in a study of the temperature variations at
the mouth of Poole Harbour, suggested three possible methods for
determining the governing temperatures. Of the possible representa-
tions given, the tidally averaged model was adopted due to its
mathematical simplicity and relatively straightforward computational
requirements. Based on a number of physical assumptions and assumed
values for certain relevant data, Preston suggested that the boundary
temperature could be expressed as:-

T() = 6T ... (5)

where T(t) =_tidal and spatially averaged input boundary temperature
at time t, © = a tidally averaged integral function which, based on
Preston's assumed data, had a value of 0.863, and T = mean outflow
temperature across the boundary, defined as:-

t2 [ x y
J [J q, (E)T(t)dx + J
t1 0 0
N
t1
where, for any tidal cycle, t, and t, = the initial and final times of
ebb flow across the boundary and x and y = the open boundary lengths
in the x_and y directions respectively. Once the mean outflow temp-
erature T had been determined for the ebb tide, the corresponding value

was used in Eq.(5) to give the mean boundary temperature during the
subsequent flood tide.

dt

T(t)d
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The local discharge of heat from the power station outfall
gave rise to a local temperature discontinuity, in that the fluid
flowing through the warm water outfall grid squares underwent an abrupt
temperature rise. This discontinuity gave rise to a series of spurious
wave-type temperature oscillations across the harbour, occurring as a
consequence of the inability of the finite difference technique to
represent rapidly varying variables in space, see Leendertse and
Gritton (1971).

In order to overcome the problem of spurious temperature
predictions, a number of different numerical schemes were studied for
the heat balance equation. The first method considered was Lax's
method, see Lax (1954), in which the temperature at the lower time-
step for the time derivative in the heat balance equation was
expressed as the average of the temperatures at the four surrounding
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grid points. However, although this scheme eliminated the spurious
solutions, the method introduced an effective artificial diffusion
coefficient into the heat equation which, for this study, was found to
be intolerably large, see Falconer (1981).

The second scheme considered involved using upstream
differencing for the advective terms, with the addition of an anti-
diffusion téerm to improve on the initial poor accuracy of the scheme,
as used by Miles (1980). However, this method was found to be
unsatisfactory for this particular study since the anti-diffusion term
either had to be removed fully or reduced near to the outfall, thereby
appearing to introduce small amplitude temperature waves,

The final scheme studied, and subsequently adopted, involved
treating the temperature discontinuity as a shock front, and thereby
introducing just sufficient artificial diffusion to counteract the
disturbances caused by the temperature discontinuity at the outfall.

The artificial diffusion term was chosen so that the required additional
diffusive effect was obtained when adjacent temperature valves were
widely different in the numerical model, but negligible when they were
nearly equal, see Leendertse and Gritton (1971). Thus, added to the
true diffusion terms in the heat balance Eq.(4) were two further
diffusive terms of the form:-

.3 3T 2 a7/
D= 5= [HDX Bx] * 5y E{Dy ayJ cevee. (8)

where the required diffusion coefficients are of the form:-
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where j and k = grid point locatioms in the x and y directions
respectively, and T, = initial mean temperature, or base temperature,
within the domain. Although the use of such an artificial diffusive
term is by no means ideal in treating the temperature discontinuity
arising at an outfall, the apparent advantage of this method is that the
artificial diffusion falls off rapidly away from the outfall - where
advection is often the dominant mode of heat transport.

In Poole Harbour large areas of shallow water exist such
that marshes alternately dry and flood with each tidal cycle, and with
much of the land-water boundary therefore being time dependent. In
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simulating this moving boundary in the numerical model the procedure
adopted was similar to that used by Leendertse and Gritton (1971),
whereby the location of the land-water boundary was assumed to be a
function of the current value of the depth. There were, however, two
basic differences between Leendertse and Gritton's procedure and that
used in this study. Firstly, the first and second checks in Leendertse
and Gritton's method on whether or not a grid point should be dry were
combined and carried out between the calculation for the new water
elevation field and the temperature field. Also, only the two cross-
sections in the implicit direction were considered rather than all four
cross-sections for each grid square. Secondly, in the third check on a
grid cell drying, the average water elevation was used in calculating
each cross-section rather than just the water elevation at the grid point
being considered. These changes allowed a reduction in the computational
cost and appeared to reduce the influence of the instabilities generated
in that the same cross-sections were used in these checks as in the
finite difference equations themselves.

NUMERICAL MODEL APPLICATION AND RESULTS

The region of Poole Harbour and Holes Bay illustrated in Fig.1
was simulated in the numerical model using a finite difference mesh of
65 x 58 grid points, with an equal grid spacing of 150m. At the centre
of each grid square a representative depth between chart Datum and the
bed was determined by equating the corresponding cross—sections in the
numerical model to those defined by the actual bed topography. The
tidal data required at the open seaward boundary was obtained from the
Admiralty Chart No.2611 and data provided by the Poole Harbour
Commissioners.

The cold water inlet to the power station was approximated by a
horizontal sink, which was represented by an open boundary grid square
of length 150m. For the proposed outfall, which was coincident with
the centre of four grid squares, it was assumed that the heated fluid
was discharged vertically upwards and that complete mixing occurred
equally among the four adjacent grid squares. The advantage of using
four rather than one grid square for the outfall, was that in discharg-
ing the heated water over a larger plan cross-sectional area a more
realistic localised temperature field was predicted in the vicinity of
the source itself. However, since heat rather than temperature was
being conserved in the model, it was not surprising to find that when
comparisons were made between using one and four grid cells to represent
the outfall, little difference occurred in the predicted temperatures
across the domain - except in the region very close to the outfall.

The model was always started at high tide, with the assumption
that the initial velocities and temperatures were zero everywhere and
that the outfall temperature rise above the intake temperature was 10K.
Each simulation was run for a maximum of fourteen repetitive tidal
cycles, a restriction placed on the model by the relatively small grid
spacing and the stability requirement given by Falconer (1976 and 1980),
i.e. that the time step At < AxU - where U is the maximum depth averaged
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velocity in the field and Ax the grid spacing (=150m). The resulting
predicted water elevations, velocity components and temperatures were
evaluated at each grid point, with the results being printed out in both
numerical and graphical form at various phases of the tidal cycle.

In general, it is always preferable to be able to check the
predicted results obtained from a numerical model with field measure-
ments or otherwise before proceeding with any analysis of the numerical
results; the same being true for a laboratory model investigation. For
this particular study it was not possible to make any worthwhile
comparisons between any measured and predicted velocities or temper-—
atures, since no appropriate field data was available at the time.
However, since the model has been applied to a number of rectangular
harbours with different aspect (or length to breadth) ratios and has
been shown to give good agreement with scaled physical model results,
see Falconer (1980), then it was assumed that the results obtained for
this study ought not to differ markedly from any similar laboratory
model investigations.

The velocity and temperature fields were reproduced graphically
for four main simulations. These simulations included predictions for
both a 700MW and a 350MW power station and for fourteen consecutive
spring and neap tidal cycles respectively. The results are documented
and compared in some detail in Falcomer (1981), with some typical
velocity and temperature field predictions being given in Figs. 2-5 for
the spring tide simulations with a 350MW power station. Comparison of
Figs. 2 and 3 gives an indication of the variation in the plan cross-
sectional wetted area during the tidal cycle, and with the advective
effect of the tide on the thermal plume being clearly illustrated in
Figs. 4 and 5. Similarly, low neap tide results are given in Figs. 6 and 7.

In comparing the temperature predictions obtained for the
various simulations, see Falconer (1981), it appears that the mean
temperature and the standard deviation across the harbour were almost
exactly double for the 700MW station capacity as for the 350MW
capacity. For the 700MW power station the mean temperature rise across
the harbour for the spring tides was 0.8K and with a standard deviation
of 1.2K, whereas the corresponding values for the 350MW capacity were
0.4K and 0.6K respectively. Similarly, the corresponding neap tide
predictions for the mean and standard deviations were 1.1K and 2.1K
respectively for the 700MW station, and 0.6K and 1.1K for the 350MW
station. The build-up of the mean temperature in the harbour during the
fourteen tides for both the spring and neap tidal cycles is shown in
Fig.8 for the 350MW power station. More recent numerical model studies
on Poole Harbour by the Author, however, indicate that the temperatures
predicted in this study might well be on the pessimistic side for two
reasons. Firstly, the simulation of conditions in the harbour for
fourteen identical neap tides means that a pessimistically low sequence
of tidal ranges has been assumed over the period modelled, giving rise
to a lower degree of flushing than would occur in reality. Secondly,
the assumption that 86% of the heat discharged out through the open
seaward boundary returns on the next flood tide appears to be
conservative in comparison with recent field data measurements recorded
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VELOCITTES IN POOLE HARROUR & HOLFS BAL

TIME =168..0 HRS (LWL)

LENGETH STALE - %31 YELOCTTY — 1,99 M8
AWERACE Oremy = 1 62N MANNING NUMRER - 3,20%
TTOAL RANGF 1.8 TIDAL PFRTIOD = 12,4 MR

Fig.2. Velocities at low water spring tide for 350 MW power station
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VELOCITIES IN POOLE HARBOUR & HOLES BAL

TIME ~i73.68 HRS  (HWL)

LENGTH SCALE - 150 M VELOCTTY — 1.99 n/s
AVERAGE OFPTH - £ 391 MANNING NUMPFR -~ 2,939
TTDAL RANCE - 1.99 N FIDAL PERTOD =~ iZ.4 MR

Fig.3. velocities at high water spring tide for 350 MW power station
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TEMPERATURES IN PQOOLE HARBOUR & HOLES BAY

TIME 16828 HRS (LWL)

a
0

0 [y

g :
Lm—ﬂ L

J

LENGTH SCALF -~ 159 1 TEGTUIRAS o DFF X
HFAN VELOCITY =119 /S VEL OFVIATION it s
HEAN TEMP .59 OFG K TEMPODEV . 66 OFF K

Fig.4. Temperatures at low water spring tide for 350 MW power station
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TEMPERATURES IN POOLE HARBOUR & HOLES BAY
TIME =172.68 HRS (HWL)

LENGTH SCALL — 150 N ISOTHERMS - DEG K
MEAN VELOCTTY 138 MM/S VEL. DEVIATION =116 MM/S
MEAN TEMP = 42 DEG K TEMP DEV = .68 DEG K

Fig.5. Temperatures at high water spring tide for 350 MW power station
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VELOCITIES IN POOLE HARBOUR & HOLES BAL

TINE <164.98 HRS (LML)

LENETH SCALE — 158 M VELOCTTY — .99 nsS
AVERACE DEPTH =~ 1,87 M MANNING NUMBER = 9.035
TIOAL RANCE - .62 M TIDAL PERTOD = 12.4 WR

Fig.6. Velocities at Tow water neap tide for 350 MW power station
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TEMPERATURES IN POOLE HARBOUR & HOLES BAY

TIME =164.98 HRS (LWL)

LENGTH SCALE — 158 M 1SOTHERNMS - DEC K
MEAN VELOCITY =128 *M/S VEL DEVIATION =174 MM/S
MEAN TEMP = .G8 DEG K TEMP DEV = 1,14 DEC K

Fig.7. Temperatures at low water neap tide for 350 MW power station
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for other substances such as nitrates and phosphates.,

Other indications from the numerical model study were that
Poole Harbour and Holes Bay both appear to have poor flushing character-—
istics, particularly for neap tides where results showed that the net
tidally averaged heat outflow across the entrance was extremely small.

CONCLUSIONS

A numerical model has been developed which is capable of
predicting both the velocity and temperature distributions within a
narrow entranced harbour, with a heated discharge being located within
the basin. The results obtained have proved to be encouraging, with
numerically stable predictions having been obtained for relatively
large advective accelerations and appreciable changes in the plan-form
wetted area during the tidal cycle.

The numerical difficulties associated with the finite
difference representation of the temperature discontinuity arising at
the outfall have been overcome by a weighted artificial diffusive term,
where the weighting factor is proportional to the square of the
temperature difference between adjacent grid cells.

The results of the study show that for the 350MW power
station the mean temperature rise across the harbour is 0.4K for spring
tides and 0.6K for neap tides, with the standard deviations for the
tempertaure fields being 0.6K and 1.71K respectively. The corresponding
predictions made for the 700MW power station were, in almost all cases,
exactly double the temperatures predicted for the 350MW station.
However, for the reasons given in the previous section these predictions
are thought to be on the conservative side.
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NOTATION
ot - plan cross-sectional area of outfall from power station
c = Chezy coefficient
BN = specific heat of fluid
Dxx’ny’Dyx’Dyy = Combined depth averaged dispersion and diffusion
coefficients in the two-dimensional plane
D, = longitudinal dispersion coefficient
D, = lateral turbulent diffusion coefficient
E = surface heat exchange coefficient
£ = Coriolis parameter
g = acceleration due to gravity
H = total depth of fluid
i,k = finite difference co-ordinates in x, y directions respect-—
ively
qx,qy = discharges per unit width in x,y directions respectively
QOUT = discharge from power station outlet
t = time
ti,tz = initial and final times of ebb flow across boundary
T = depth averaged temperature at a grid point
T = base temperature, or temperature at start of simulation
TE = equilibrium temperature for heat surface exchange
T = mean outflow temperature across the boundary
TIN = temperature at power station inlet
u,v = depth averaged velocities in x,y directions respectively
X,y = longitudinal and lateral co-ordinates in the horizontal plane
X,Y = open seaward boundary length in the x,y directions
8 = correction factor for non-uniformity of vertical velocity
profile
At = time step
AT = temperature rise across condensers
Ax = grid spacing
€ = depth mean eddy viscosity
n = water surface elevation
8 = tidally averaged integral function after Preston (1981b)

4 = density of fluid





