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SUMMARY 

" The assessment of room air movements, in all but elementary cases, relies 
on investigations using either full-size mock-ups or scaled models. 
Temperature considerations severly limit the maximum geometric scale factor. 

A solution is offered by which accurate predictions of the air flows in 
full-size air-conditioned rooms may be obtained from observations. made 
with small models if certain criteria are satisfied. The maximum geo- 
metric scale-factor can be increased to 8.5, while limiting the maximum 
working temperature in the model to 100°C, by replacing the convective 
currents with wall jets of a similar velocity profile, volume flow, 
momentum flux and heat content. A further improvement may be achieved 
if the scale-factor adopted for the jet nozzle is smaller than the 
geometric scale-factor. This approach can lead to scale-factors 
exceeding 11.8. 

Theoretical studies have shown the replacement of convective currents by 
plane jets is feasible. In the course of the study, detailed investi- 
gations of areas important for the aimsof the project but where there is 
a dearth of relevant information, were undertaken. 

To test the validity of predictions and to establish necessary empirical 
factors, a range of measurements of convective currents and their 
replacement jets were'carried out. The results showed that a virtual 
identity of maximum profile velocity, momentum flux and volume flow at 
the replacement cross-section could be achieved. 
Based on measured empirical factors, a simple procedure, valid for the 
majority of practical applications, by which replacement jets can be 
calculated directly from convective surface parameters is given. 

Thus, the aim of this study, namely the worthwhile use of a small model 
which can be constructed cheaply, has been achieved. 
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PART 1. MODELLING OF AIR MOVEMENTS IN ROOMS 

1.1 -Background 

1.1.1 Comfort and energy conservation 

Space-conditioning systems, whether for the full air-conditioning of 
an office or industrial plant, or for the warm-air heating of ä 
domestic environment, are usually prescribed and designed without 
sufficient attention being devoted to local air movements within the 
confined spaces. However, comfort conditions for human habitation 
are normally specified in terms of temperature and air velocity 
(l)-(11). Also, at a selected position in any conditioned space, 
the local temperature and air velocity are dependent on a number of 
factors including the room size, the air supply flow rate and velocity, 
the supply-return air temperature differential, the positions of the 
supply orifices and the presence of humans (12)-(33). 

Properly controlled air movements in a room are desirable in creating 
a pleasant environment. Some of the more sophisticated 'comfort' 
indices take into account the influence of air speed, as well as 
surface and air temperatures-and humidity (5)(34)(35). However, 
even when buildings are designed so as to satisfy these criteria, 
their subsequent occupants will sometimes be uncomfortable. If 
there are insufficient air movements, the environment will appear 
'stuffy' whereas at the other extreme, complaints may arise due to 
the presence of 'draughts'. In industry, besides the comfort of 
personnel, the efficient removal of pollutants from the work area in 
a manner that avoids disturbing the technological process is an 
important consideration.. 

The human body generates its own convective boundary layer and this 
mollifies the discomforting effects of external air currents. Also, 
some parts of a human are more sensitive to ambient air movements 
than others - for example, air speeds of about 0.15 ms-1 can be 
perceived by one's bare ankles whereas about double this value is 
necessary for detection at face level. 

Because of rapidly increasing fuel charges (i. e. since November 1973), 
better thermal insulation of buildings has been given a higher 
priority, and this trend-will probably continue. Thus the ratio of 
fabric to ventilation heat losses from the average house has decreased. 
Whereas for the traditional house the ventilation heat loss amounted 
to less than 20 per cent of the total heat loss, in a well-insulated dwelling it may contribute more than 50 per cent. Thus it is now desirable, in order to achieve an even greater degree of energy thrift, 
to optimize the air-movement patterns in occupied zones, so avoiding local overheating which sometimes occurs in an endeavour to combat the 
effects of draughts. 

Unfortunately, conventional methods adopted in design are largely 
empirical, being based on previous experience. Lack of theoretical 
guidance has led to some space-conditioning systems being designed so 
that they are either inadequate in their performance or inefficient 
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with respect to the energy that is expended to satisfy the comfort 
requirements. Thus it is desirable to consider, and if necessary 
for formulate, criteria to aid in the systemization of the design 
process. 

Design depends upon knowledge gained from experimentation, but the 
latter can be accomplished economically only if worthwhile information 
can be interpreted from measurements on models. Thus it is necessary 
to devise realistic conditions, which the tests on the model, must 
satisfy, in order to reveal the desired information concerning the 
behaviour of the full-size system. Such a formulation is attempted 
in this chapter. 

1.1.2 Air movements 

Room-air movements arise either because of the non-uniform temperatures 
of the surfaces involved or due to the air in the enclosure being 
replaced, the resulting complicated flow patterns being a consequence 
of the interaction between inertia, viscous and buoyancy forces. 
For the small air velocities (<0.3 ms-1) normally encountered in rooms, 
not one of these forces predominates. So a general, exact solution 
of the equations describing the flow patterns is extremely difficult 
to obtain, especially if realistic boundary conditions (e. g. to take 
account of obstacles and unusual room shapes) are imposed. Thus 
calculations for-real systems are usually confined to predicting the 
'throw' of jets issuing from terminal devices; throw being defined 
as the distance from the terminal orifice to where the break-up of the 
jet ensues. 
For important projects, physical models are usually built so that the 
air movements involved may be observed and, where necessary, corrective 
design modifications introduced. Often, full-scale mock-ups are 
needed, e. g. for operating theatres in hospitals, space capsules or 
even trains (36). However, the construction of large mock-ups is 
expensive and time-consuming but unfortunately, to date, scaling factors 
make quantitative predictions from small-scale models of doubtful 
value. 

No simple but essential breakthrough has occurred concerning the 
analytical approach and thus it is worthwhile to look afresh at what 
possibilities modelling techniques can offer. The ideal would be to 
use small (e. g. one-tenth full-size) inexpensive models capable of 
revealing accurate flow patterns for the full-size system. To be 
inexpensive, the technique could only involve cheap, readily available 
materials and modelling fluids. Also, the maximum permitted temp- 
eratures for the model would be critical, both from considerations of 
operation and safety. It is envisaged, however, that the use of 
small models may require the adoption of more sophisticated techniques 
for temperature and velocity measurements (e. g. non-perturbing methods 
such as Mach-Zehnder interferometry and laser-Doppler anemometry) than 
are common at present for air-conditioning studies. 
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1.1.3 Notation 

Aeff Effective outlet area (see Figure 1.1), m2 

Ar Archimedes number for the flow 

= 
Gr 

= gl$At 
Reg v2 

b, h Width and vertical extent, respectively, of the air inlet grille 
(see Figure 1.1), m 

C Constant 

Cp Specific heat of the fluid at constant pressure, J kg-1 °C-I' 

dh Hydraulic diameter of the considered room, m 

Dm Coefficient of diffusion for the fluid in the model, m2 s-1 

F Area of section of the room (see Figure 1.1), m2 

g Local acceleration due to gravity, ms-2 

Gr Grashof number for the flow 
(= lýttl 
\ v2 

l 

K Constant in. equation (1-11) 

1 Characteristic dimension of the flow system, m 

1' Fictitious length, m 

m, n, p Dimensions of the considered rectangular room (see Figure 1.1), m 

M Momentum of the flow, kg ms-1 
Nu Nusselt number for the flow 

(J 

Pe P°clet number for the flow j= Re. Pr = all 

Pr Prandtl number for the flow 
`(= 

ä) 

Ra Rayleigh number for the flow (= Gr. Pr) 

Re Reynolds number for the flow vl) 

S Geometric scale factor 

ST Temperature scale factor 

S1 Outlet scale factor 

t Temperature, °C 
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T }(T1 + T2), K 

v Velocity of the flow, ms-1 

V Volume flow rate, m3 s"1 

m2 S'1 -) a Thermal diffusivity of the fluid 

ß Coefficient of expansion of the fluid rT K"1 

Difference between two values of a variable 

a Thermal conductivity of the fluid, W m-1 K"1 

v Kinematic viscosity of the fluid, m2 s"i 

p Density of the fluid, kg m-3 

Subscripts 

a With respect to ambient conditions 

corr Corrected value 

i With respect to initial jet condition 

JET Referring to wall jet 

1 Nozzle 

L Laminar flow convective current 

m Model 

max Maximum value 

o Referring to full-size system 

T Turbulent flow convective current 

w Heated wall (e. g. &tw represents the temperature difference 
between the heated surface and the ambient air) 

1,2 With respect to the two conditions 1 or 2 respectively 

Superscripts 

Mean value 

Fictitious 



1.2 Modelling Theor 

A theory should enable one to reduce the number of experimental 
observations necessary to describe adequately the behaviour of the 
considered system (see Figure 1.1) as well as to permit the use of a 
scale-model rather than a full-size mock-up for predictive purposes. 

A laminar velocity field, formed under the influence of inertia and 
viscous forces, can be described by the Navier-Stokes differential 
equations (37). If a temperature field is superimposed, the result- 
ant bouyancy forces affect the system and the equations have to be 
extended by a further tern (gpßnt) to account for, the additional 
vertical flows. The presence of turbulent flows poses an even more 
difficult situation to cope with mathematically, because both the 
local velocities and temperatures vary irregularly. As an approx- 
imation, the Navier-Stokes equations are usually rewritten using time- 
average values of the variables. However, to solve the equations it 
becomes necessary to know in advance the relationships between the 
variations and the average values. To date, only semi-empirical 
methods of solution for practical systems have been proposed. 

The equations of motion and energy transfer can be solved merely for 
idealized situations in which it is justifiable for some of the terms 
in the equations to be neglected. Nevertheless, by dealing with such 
simplified abstractions from reality it is possible to develop criteria 
for similarity of both the velocity and temperature fields between the 
model and the full-size system. Deduction of the necessary conditions 
for similarity of flows is facilitated by non-dimensionalizing all the 
variables in the modified Navier-Stokes equations. (Similarity of 
the velocity fields is attained when, for all geometrically similar 
positions in the flows, the ratio of the velocities in the model and 
full-size system is constant. An analogous situation applies with 
respect to the temperature distributions in the flows, but the constant 
will be different from that for the identical position in the velocity 
fields). 

In order to achieve similarity of flows, three conditions have to be 
satisfied: 

(1) the inertia and viscous condition i. e. 
Re = constant ... (1.1) 
(2) the bouyancy condition, i. e. 
Ar = constant ... (1.2) 
(3) the temperature distribution condition, i. e. 
Pe = constant ... (1.3) 
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It is also necessary to comply with three boundary conditions - 
geometric, hydrodynamic. and thermal. If the model is an accurately 
scaled replica of the original, then compliance with the geometric 
condition is assured. For a room enclosed by solid walls, the 
hydrodynamic boundary condition is automatically fulfilled. In 
contrast, however, the thermal boundary condition is much more difficult 
to satisfy because the-thermal parameters can usually only be stated 
for some of the involved surfaces. The temperature distributions 
over the remaining surfaces will depend upon the heat flows through 
these surfaces., In order to achieve complete thermal similarity, all 
the heat flows and radiation exchanges in the original would have to 
be known in order to reproduce appropriately scaled representations" 
of them in the model. 

Room-air movements are influenced not only by inertia and friction, 
but also by the forces of bouyancy, and, to achieve similarity, 
conditions (1) Re = constant and (2) Ar = constant have to be satisfied. 
Buoyancy forces are determined by the temperature field, and, therefore, 
to obtain similarity of velocity fields, similarity of temperature 
fields must also be achieved, i. e. condition (3) must be satisfied. 
But the Peclet number 

Pe = Re. Pr ... (1.4) 

where the Prandtl number 

Pr=a A 
vpC 

... (1.5) 

is entirely dependent of parameters that describe the physical 
properties of the fluid. Within the limited temperature and pressure 
ranges normally encountered for air flow in rooms, these parameters 
remain approximately invariant. 

1.2.1 Use of identical fluids in the model and full-size systems 

This is the simplest way of achieving invariance of Pr. Also, 
condition (1) can then be simplified. If the subscript 'o' is used 
to denote values in the original, full-size system and 'm' those, for 
the model, the first condition can be presented as 

Re = 
polo 

_ 
vmlm 

vo vo ... (1.6) 
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but with the same fluid in both situations this simplifies to 

vo10 = Vmlm ... (1.7) 

If a scale factor is defined by 

1 
... (1.8) S= lm 

then 

vm = Sv 
0 ... (1.9). 

The second similarity condition, equation (1.2). can be expressed as 

glooto 
_ 

glmetm 
22 ý0 T0 ým Tm ... (1.10) 

.1 

where et = (T1 - T2); T1 > T2; T= J(TL + T2); T1 and T2 are two 

characteristic temperature of the system. Substituting from equations 
(1.8) and (1.9) into (1.10) with some rearrangement gives 

S3(T10 - T20)_ (Tim + T2m) 
_K... (1.11) 

T10 + T20 Tim T2m 

and so 

Tim = (2ý ±Kf T2m ... (1.12) 

Thus, for K=2, Tlm and it therefore represents the condition for 
maximum possible S. Making this substitution into equation (1.11) 
reveals that 

Tlo + T20 
Smax a Tio ' Teo ... (1.13) 

For typical conditions, Tio ß 310 K and T20 = 290 K, and so'Smax a 3.11. 

But this implies that T1 + 410. If, however,, the maximum temperature 

permitted in the model is 1006C (i. e. Tlm = 373 K) and we choose 
T 
2m =T 20 = 293 K, then the practical maximum scale factor decreases 

to 1.54. However, the reduction in costs achievable using models 
with scale factors of this magnitude, as opposed to full-scale mock- 
ups, is only modest. 
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1.2.2 Use of different fluids in the model and full-size'systems 

To comply with condition (3), namely that the Pdclet numbers should 
be identical for the model and the full-size system flows, and if 
Re also has to be invariant, then the Prandtl numbers must also be 
equal. As room-air movements are being considered, the fluid in 
the full-size system will always be air. Its temperature, even in 
extreme cases, will only vary between OQC and 500C,. for which its 
Prandtl number has the values of 0.707 and 0.698 respectively (38). 

An extensive search for a fluid with even an approximately similar 
value of Pr as that for air and which would also satisfy practical 
limitations imposed by temperature, pressure, safety in use, 
availability and price has failed (39)-(42). For example, for 
water at 0°C, Pr equals 13.7, whereas at 100°C it has fallen to 1.75 
and decreases to a minimum of 0.86 at about 250°C. Transformer oil 
is even less suitable, because its Prandtl number drops from 250 to 
80 as the temperature rises from 40°C to 100°C (43). 

An alternative approach would be to use solutions of different 
densities in the model in order to simulate the required differences 
of air density as caused by the non-uniform temperature field in the 
full-size system. Then, the coefficient of thermal diffusivity for 
the air would have to be replaced by the diffusion coefficient D, 
of the dissolved substance and, therefore, " m 

Pr = constant = ý° _m ... (1.14) 
om 

Again, an exhaustive search (ranging from saline solutions to 
benzine, for which 180'< (vm/Dm) < 1900) has failed to reveal a 
suitable fluid. 

Rydberg (44) concluded that provided the flows start from rest and 
that the model is not of too small dimensions (i. e. for those 
situations in which-the heat transmission and material exchange depend 
almost entirely on the flow), then a difference in the values of 
vo/ao and vm/Dm can be tolerated. This approach is suitable for the 

study of the intermittent ventilation of rooms, such as when windows 
are suddenly opened wide, but would be inappropriate in the study of 
room-air movements generated by air jets and heated surfaces. 

1.2.3 Modelling with turbulent conditions applying in the'room 

Air movements in closed rooms are predominantly turbulent, the 
turbulence being of low frequency and comparatively high amplitude. 
Turbulence occurs not only at the boundaries of the jet but through- 
out the room. Also, any heat sources in the room tend to increase 
the general level of turbulence. Under such conditions, the 
influence of viscous forces is restricted predominantly to the 
boundary regions and they play a relatively minor role in determining 
the overall air-movement patterns. Thus, invariance of Re between 
the model and full-size flows is not essential. MUllejans (45) and 
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van Gunst et al. (46) have corroborated this and shown that air-move- 
ment patterns in rooms ventilated by jets and having heated surfaces 
are independent of Re and rely solely on Ar. Therefore, the only 
similarity condition that has to be satisfied for turbulent conditions 
is 

Ar = 
9At31 

= constant ... 
(1.15) 

V2 

MUllejans also advocated the use of a reference velocity, v', defined 
as 

V 
v' =F... (1.16) 

where (see Figure 1.1) V1 is the inlet volume flow and F is the cross- 
sectional area of the room. He asserted that the reference velocities 
both in the full-size system and the model should be equal, i. e. 

vo = vm = constant ... (1. ý7) 

Based on this assumption and equations (1.8), (1.10) and (1.12), it 
can be deduced that 

and 

Ot At 
ST° = Tm =K... (1.18) 

To m 

S=K 
(T10 + T20) 

... (1.19) 
(TiO - T20) 

But K k2, as deduced from equation (1.12). Therefore, 

S= 
(T10 + T20) 

... (1.20) 
max (T10 - T20) 

For the same typical temperatures assumed earlier, namely T10 = 310 K 

and T20 = 290 K, Smax = 30. When a realistic value for tim is 

assumed, namely 1000C, along with a value for t2m of 20°C, "the practical 

maximum scale factor is reduced to 3.64. This is 2.36 times the 
value if invariance of Reynolds number is also a necessary condition. 

The reference velocity as defined by equation (1.16) can be expressed 
as 

V, _ number of changes per second x m. n. p 
m. n 

= number of air changes per second xp... (1.21) 
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where m, n and p are the orthogonal dimensions of the room through 
which air is flowing. However,. v' provides no indication of the 
influences of inlet velocity or nozzle configuration. To help 
remedy this, Müllejans (45) introduced a corrected Archimedes number: 

b. h Arcorr = 
d2 

Ar 
h 

... (1.22) 

where b and h are the dimensions of the inlet grille (see Figure 1.1) 
and dh is the hydraulic diameter of the room. So 

d 2mn 
... (1.23) h -m+n 

If dh is used as a reference length and, in order to be able to 

consider more complicated terminal devices, b. h is expressed as Aeff, 
equation (1.22) can then be rewritten as 

gdhßet (Aeff) g(Aeff/dh)ßot 
Arcorr = 

v12 d2 V'2 
... (1.24) 

h 

Thus the use of a corrected Archemedes number, involving the reference 
length 

1- 
-Aý ... (1.25) 

h 

will make some allowance for the inlet condition and the room size. 
Also, for similarity of flows in the model and the full-size systems, 

Ar = 
"oAt 

= constant """ 
iß"26) 

corr V, 2 

1.3 New Possibilities for Modelling Room-Air Movements 

In Section 1.2.1, it was seen that permitted temperature considerations 
limit severely the maximum scale factor. Some easing of the difficulty 
would, however, ensue if the convective currents generated by warm 
surfaces could be simulated by wall jets. Another simplifying 
possibility would be to restrict the requirement for similarity 
between both the velocity and temperature fields in the model and 
full-size system to only the occupied zone, i. e. a deformation of the 
inlet conditions would be allowable. 

1.3.1 Replacing a convective current by a wall jet 

It is suggested that the air flow from a heated surface can be 
simulated by a jet of similar velocity profile, volume flow, momentum 
flux and heat content. According to (37), the mean temperature of a 
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convective current, measured as the difference between the moving 
stream and ambient air temperature, is for turbulent flow 

0.236 Atw 

and for laminar flow 

= 0.400 Atw 

... (1.27) 

... (1.28) 

where otw is the temperature difference between the heated surface and 
the ambient air. - Purely laminar flow (Ra, < 5x 108) is less. likely to 
occur in practice, and so turbulent flows will be considered in-the 
following discussion. 

Although the replacement wall jet would have the same heat content 
and therefore the same mean temperature as the original convective 
current, the ratio of the mean to maximum absolute temperatures of 
the profile would be more favourable. The highest temperature in a 
convective current occurs at the heated surface. The highest 
temperature in the replacement wall jet is the initial temperature of 
the air issuing from the slot: in the initial region of a jet it 
would be identical with the maximum of the temperature profile. 
Calculations, based on equations in (24) and (47), for the intended 
applications indicate that the relative mean temperature of the 
replacement jet, tJET, is about 0.7 times the relative initial 
temperature, otiJET" 

If the maximum temperature in the model is constrained to be 100°C, 
and TT _ JET = 0.7 nt", JET, Ta = 20°C and nti, JET = (100 - 20)°C 

= 80°C, then a wall jet not exceeding this temperature could represent 
a heated surface in the model with a temperature of 

0.7 ati, JET tw =+ 20 = 257°C ... (1.29) 

By considering the same typical conditions as previously, namely 
t10 = 400C and t20 = tzm = 20°C, but with tim = 250°C, then 

equation (1.29) would suggest that 

At At 
-ý = 0.56 = S3 

mo 
... (1.30) 

i. e. a maximum permitted basic scale factor of 2.04. For a 
turbulent flow in the room, 

At At 
-ý=0.56=S-ý ... (1.31) 

mo 

and so the maximum permitted scale factor would be 8.5. 
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A minor weakness of this method of modelling is that extra air is 
introduced into the room. However, as this amount is relatively 
minute, the consequent distortion of the room air-flow pattern would 
be insignificant. 

1.3.2 Modified=nozzle SCa1e=factor'method 

In most cases where air is introduced into rooms, the area Aeff of 
the nozzle is negligible compared with cross-sectional area, F, of 
the room. Thus ä moderate deformation of the'nozzle's dimensions 
in relation to those for the geometric scale-model should yield 10 
satisfactory results, because the flow pattern is, within a restricted 
range, independent of Re, being-solely a function of Ar (45)(46). 
For the turbulent flow resulting from the interaction of the jets 
and convective current, then via equation (1.24). 

ot0 boho(mo + no) Atm 

To 2mono Tm 

bmhm(mm + nm) 

2mmnm ... (1.32) 

assuming that Aeff = b. h, dh = 2mn/(m + n) and v' = constant. 

Let us also make the additional assumptions 

(a) 
Atm 

=S 
At° 

... (1.33) T Tm To 

where ST is the temperature scale-factor, and 

(b) S1 = bo =2... (1.34) 
m 

hm 

where S1 is the nozzle scale-factor. 
Substituting from equations (1.33) and (1.34) into (1.32) gives 

at0 boho(mo + n0) eto boho (mo + no) 
= ST S ... (1.35) 

T 2mn T Si 2mon 
ooooo 

because 
mmnm=S 

m 
o no 

Thus 
STS 

=1... (1.36) 
S2 
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The maximum working temperature that can be used in the model limits 
the temperature scale factor ST. As an example, consider again 
the situation in which the convective current has been replaced by a 
wall jet whose maximum temperature is 100°C. This represents a 
model surface with tim = 2500C, the other temperatures being t10 = 400C 

and t20 = t2m = 20°C. The, temperature'scale-factor is again 

At T 
ST =m°=8.5 

Tm 4 to ... (1.37) 

The new limiting factor imposed on the maximum geometrical scale- 
factor, S, determines how far the nozzle dimensions need to be 
deformed in relation to the rest of the model. Let us assume a 
conservative value for S1, say 0.85S, which if substituted into 

equation (1.36) along with ST = 8.5 leads to Smax = 11.8. 

Table 1.1. Parameters for the model as functions of the scale factors. 

According to theory 
Parameter 

B Tu Ne 

mm(nm, pm) 
mo mo m0 

bm(hm) -b5o- 
bo 

Aeff, 
m 

Aeff, o 
2 

Aeff, 0 
2 

Aeff, o 
STS S S 

V10 Mio V10- 

. im s S2 S2 

ST 
dIM v10S X10 X10 

v'm v'0S v'0 v'0 

lam 
1' 1' 

0 
1' 
-97 

Mm i 
M 10 

M 

S 
T M lo S3 

Key on following page 
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The following key applies: B... basic modelling theory, Tu... 
turbulent room-theory, Ne.. . modified-nozzle scale-factor theory. 

The parameters shown in parentheses should be treated in a similar 
manner to that indicated in the appropriate row of the table. 

i 

All the parameters of interest would be influenced by the proposed 
approach. For instance, from equation (1.36), 

Aeff, 
m = bm"hm = 

bolo 
= 

Aeff, 
o 

", " (1.38) 
S1 STS 

bm __ 

If 

Vim = 
Vio 

S2 

and hm = 
ho 

�S 

and Vlo =A 
yio 

eff, o 

and then the initial velocity of the jet is 

_V 10 
ST. S ST 

vim Aeff, m Aeff, o S2 _ v10 
S 

The volume rate of flow through the nozzle will be 

ST boho 
_ 

Vo 
vim = Vimbmhm = V10 

S ST S S2 

... (1.39) 

... (1.40) 

The fictitious reference length of equation (1.25) would be modified 
in the following way: 

1, = 
Aeff, 

m = 
Aeff, 

o s, 10 
... (1.41) 

m dh m STS dh, o 

For momentum, if So took on a specific value, say S1, then 

Mim 
= 

vimVim 
... (1.42) 

Mio 'v iovio 
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Therefore 

S T M Mim = 
S3 10 ... (1.43) 

Table 1.2. Collation of maximum scale factors obtained from previous 
examples. 

Theory used SAX 

B 1.54 
BJET 2.04 
Tu 3.64 
TUJET 8.5 
NeJET 11.8 

The subscript 'JET' implies that a wall jet has been used to simulate 
the convective current... 

This modified-nozzle method could lead to greater flexibility in the 
modelling of room-air movements for those cases where the ratio S1/S 
is not critical and could result in even higher permitted geometrical 
scale-factors than evaluated in the above example. 

1.4 Conclusions 

Accurate predictions of the air flows in full-size air-conditioned 
rooms may be obtained from observations made with small models if 
certain criteria are satisfied. The maximum geometric scale-factor 
can be increased to 8.5, while limiting the maximum working temperature 
in the model to 100°C, by replacing the convective currents with 
wall jets of a similar velocity profile, volume flow, momentum flux 
and heat content. A further improvement may be achieved if the 
scale-factor adopted for the jet nozzle is smaller than the geometric 
scale-factor. This approach can lead to scale-factors exceeding 
11.8. Thus, the aim namely the worthwhile use of a small model 
which can be constructed cheaply, can be achieved. 
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NOTATION 

a Constant 

a Coefficient of turbulence 

ai Coefficient of turbulence in the initial region 

am Coefficient of turbulence on the main region 

ap Acceleration due to forces of buoyancy ms-2 

A Constant 

Ar Archimedes number 
{= Gr 

Re2J 
bo Nozzle aperture half-width m 

c Constant 

cp Specific heat J kg-1 OK-1 

C Constant 

F Function- 

9 Acceleration due to gravity ms-2 

Gr Grashof number 

h Heat transfer coefficient Wm-1 OK-1 

h* Transverse distance across flow of shear 
layer measured from a point where v= vo m 

ho. 5 Length scale; value of h* where v=0.5 vo m 

H Vertical dimension of convection surface m 

K Room air turbulence maximum velocity factor 
Le {K=-} 
vmax 

Kv Room air turbulence volume factor. { KV = 
Ve 
'VC 

} 

Me 
KM Room air turbulence momentum flux factor { KM = "c 

} 

KQ Room air turbulence heat flux factor {KQ 
= 

c 

1 Length of element m 

10 Distance of apparent source of jet from 
nozzle m 

Li Length of initial region m 
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M Momentum flux 

Nu Nusselt number 

p Pressure differential 

Pr Prandtl number 

4 Local rate of heat flow 

Q Heat content of convective or jet flow 

Q Heating power ., 
Ra Rayleigh number (=Gr Pr) 

Re Reynolds number 

S Distance of nozzle from edge of convective 
surface 

At Temperature;, differential 

x Vertical distance from the starting point 
of boundary layer, 

x Distance from nozzle 

v Velocity of the flow 

v* Characteristic velocity 

var Mean arithmetic velocity 

vsq Mean square velocity 

V Volume flow 

vm Velocity scale; maximum value of jet 
velocity profile 

w Buoyancy component of velocity 

y Transverse distance across flow 

Yo. s Length scale; value of y where v=0.5 Vm 

a Constant 

a Thermal diffusitivity 

B Coefficient of expansion 

5o Correction coefficient for momentum 

kgms-2 per m run 

N/ms'2 

W M-2 

W per m run 

W per m run 

m 

oc 

m 

m 

ms-1 

ms-1 

ms-1 

ms-1 

m3s'1 per m run 

ms-1 

-1 

m 

m 

m2s-1 

K-1 
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a Width of boundary layer 

A Thermal conductivity 

u Dynamic viscosity 

V Kinematic viscosity 

a Density 

T Time 

TL Laminar sheer stress 

TT ' Turbulent sheer stress 

0 Function 

0 Ratio of mean arithmetic velocity to 

maximum velocity voar 
vomax 

Ratio of'mean square velocity to maximum 
velocity VOsq 

vomx 

.. 

Subscripts 

a With respect to ambient conditions 

c Convective current 

e Denotes presence of room air turbulence 

J Related to isothermal jet values 

L Laminar ". 

m With respect to maximum value of velocity profile 

max Maximum value of convective velocity profile 

0 With respect to nozzle conditions 

S Replacement jet values at x=H 

T Total 

T Turbulent 

m 

Wm-10K-1 

Ns m-2 

m2S-1 

kg3 

s 

Nm-2 

Nm-2 

r 
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w With respect to surface generating convective 
currents 

x In the x-direction 

y In the y-direction 

p Related to buoyancy generated values 

Superscripts 

- Mean value 

Corrected value 

0 
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PART 2 FEASIBILITY OF THE REPLACEMENT OF NATURAL CONVECTION CURRENTS 
BY WALL JETS WHEN ATTEMPTING TO MODEL ROOM AIR MOVEMENT 

2.1 INTRODUCTION 

Although the lack of reliable theoretical, guidance makes the use of 
-models in the study of room air movementsattractive, temperature 
considerations severly limit the scale factor'. The problem is the 
cost of the relatively large scale, if not full scale, mock-ups made 
necessary-by the restricted maximum practicable operational temperature 
in the model. It has been suggested that accurate predictions of the 
air flows (well removed from the original perturbatiol in full-sFale. space 
conditioned rooms may be obtained-from observations made with small 
models if the convective currents in the model are replaced by wall 
jets of suitable thermal and aerodynamic characteristics. The 
advantage of using a replacement wall jet having the same volume 
flow, momentum flux and heat content would be that whilst the impact 
of the replacement jet on the room air movement pattern would be 
essentially the same as that due to the original convective current, 
the maximum temperature in the model would be far lower. The highest 
temperature in a convective current occurs at the heated surface 
(Fig. 2.1), but if it is replaced be a wall jet having an identical 
mean temperature, and therefore heat content, the highest temperature 
will be the temperature of the air issuing from the slot (Fig. 2.2). 
Thus a wall jet in the initial region, where no decay in the core 
temperature is presumed, would evidently be most advantageous. 

Considerable scope exists for the application of the principle of 
replacement of convective currents by wall jets in a model. In gen- 
eral, room air movements are generated by convective currents which 
are stimulated by surfaces at temperatures that differ from the mean 
room air temperature. The temperatures of the jets also usually differ 
from the mean room air temperature. A typical example of warm sur- 
faces leading to convective currents that interact with cool jets, is 
the summer air-conditioning situation, when the heat flows into the 
enclosure through external walls and windows and i$ transported away 
by the air-conditioning system. Up to now research into room air 
movements has concentrated on this aspect. ' The winter situation can 
be even more complex. Convection currents are stimulated not only by 
cool walls and windows, but also by the warm surfaces of heat emitters. 
The need to conserve energy has led to high levels of insulation, and 
resulted in changes in the thermal characteristics of structures3. 
Better space conditioning systems will have to be designed in order 
to provide acceptable levels of thermal comfort and their success will, 
to a much higher degree than hitherto, depend on a detailed knowledge 
of room air movements 4 s. 

When modelling situations where convective currents from cool surfaces 
interact with warm currents or jets,. the replacement of convective 
currents by wall jets has a further advantage. It is more convenient 
to provide cool air for the replacement wall jet than to cool surfaces 
in the model to far lower temperatures required to generate an 
equivalent convective current. Even at relatively modest sub-zero 
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Fig. 21. TEMPERATURE PROFILE OF A CONVECTIVE 

CURRENT 
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Fig. 2.2. TEMPERATURE PROFILE OF A REPLACEMENT 

WALL JET 
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temperatures, condensation would pose a problem, if extreme pre- 
cautions were not taken. 

It may be convenient to divide into three steps the theoretical 
approach to the replacement of convective currents in models by wall 
jets. The first step is to find suitable theoretical expressions 
for the parameters that describe a convective current leaving a 
heated or cooled surface. The second step is to define a relation- 
ship between the parameters that describe a wall jet and its initial 
velocity, temperature and width as well as the relative position of 
the slot.. The third and final step is to derive a relationship 
between the length and surface temperatures of the surface generating 
the convective current and the initial parameters, of the replacement 
wall jet. 

Z. 2 NATURAL 
-CONVECTIVE 

CURRENTS 

A survey of the literature 6-20 has revealed a varying degree of 
agreement between theoretically predicted parameters of convective 
currents and: the experimental results. These divergencies can be 
accounted for mainly by errors introduced by the individual experi- 
mental techniques and by different ambient air conditions encountered 
in the course of the experiments. 
Transition from laminar to turbulent flow depends primarily upon the 
height and relative temperature of the heated or cooled surface, the 
Rayleigh number, Ra, being usually preferred to express this relation- 
ship. Laminar flow according to Billington6 occurs if Ra <5x 108, 
whereas Cheesewright7 considers Ra = 1.4 x 109 as the beginning of 
transition, because it was at this value that significant fluctuations 
in the boundary layer first appeared. Fully established turbulent 
flow occurs at Ra values between Ra > 109 and Ra >6x 109, depending 
on author and criteria employed. 

Fig. 2.3 shows how the Ra number changes with height and relative 
temperature, At, of the heated or cooled surface. Also shown in the 
graph are the ranges of Ra numbers associates with the most common 
sources of convective currents in buildings. Walls, because of their 
height, would inevitably generate turbulent flows. The standard form 
of radiators, would on the other hand generate laminar flows. 
Windows and higher heat emitters occupy a zone of uncertainty. In 
practice, the level of room turbulence will be higher than that 
encountered in the experimental situation, (because of furnishings, 
presence of humans, etc. ), and it is therefore probable that trans- 
ition will occur at correspondingly lower Ra numbers. The values 
quoted by Billington6, i. e. laminar flow for Ra <5x 108 and turbulent 
flow for Ra >l01 should therefore be more appropriate to realistic 
situations. 

Convective currents on leaving the vicinity of the heated or cooled 
surfaces interact with other flows and influence the room air move- 
ment patterns. The parameters that describe the impact of a flow are 
the volume flow, momentum flux and the heat content - these can be 
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deduced from the know velocity and temperature profiles of the 
stream (Fig. 2.4). 

2.2.1. Laminar flow 

The velocity profile of a convective current resulting from the 
presence of a heated or cooled surface at ä homogeneous temperature 
can be expressed by an equation that takes the form 6 10 12 

va V* X (1- ä)2 
... (2.1) 

where Or is a characteristic velocity and a is the width of the bound- 
ary layer. Maximum velocity along the profile will occur at a distance 

= 09 which yields a value of y from the surface where TY, 
Ymax =a Substituting into equation (2.1). 

3' 

Vmax = 0.148 v* ... (2.2) 

and therefore 

v=6.75 vmax 6 (1 d)2 

The temperature profile can be described by a simple expression 

et = . tW (1- ä )2 ... (2.3) 

where etw is the temperature differential between the surface and 
ambient air temperature. 

By introducing equations (2.3) and (2.4) into the equation of flow 
for the boundary layer, it is possible to express the maximum velocity, 
vm x, and the width of the boundary layer, d, as a function of the 
relative surface temperature, At,, and the distance along the surface 
from the starting point of the boundary layer, x. Namely 

Vmax = 0.766 (0.952 +2 )-O. 5 (9ß)Q"5 x 0.5 otq"5 ... (2.5) 

and 

r0.25 xo. 25 0+ -0.25(2.6) d 3.93(ä)"o"5(0.952 +. Y)0.25(-, 

or in non-dimentionised form 

Remax - 0.766 (0.952 + Pr)-°. s Gros ... (2.7) 

and 
a=3.93 Pr-0"5 (0.952 + Pr)0.25 Gr o. 25 ... (2.8) 
x 

The range of temperatures encountered in room air movements in practice 
is relatively limited. If, for example, values expressing the 
physical properties of air at 293 K are substituted into equations 
(2.5) much simplified expressions will result, namely 

vmax S 0.108x0.5 etti°ý5 ... (2.9) 
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a=4.93 x 10-2 x 0.25 o o. 25 
".. (2.10) 

The error introduced by the use of the above simplified equations 
should be negligible as the values of physical properties of air 
vary only slightly over the encountered temperature range. 

The main parameters that govern the impact of a flow on room air 
movements - volume flow V, momentum flux M and the heating in power Q 
can now also be expressed as functions of the relative surface temp- 
erature and the distance along the surface. 

The volume flow, V, is 
a 

V= otv dy ... (2.11) 

Substituting from equation (2.1) and integrating gives 

V=0.083 v*d ... (2.12) 

or substituting equation (2.2), (2.9) and (2.10) reveals that 

V=3 x-10-3 x 0.75 0 10.25 ... (2.13) 

The momentum flow can be expressed as 
a. 

M=0 tpv2 dy ... (2.14) 

and by substituting and integrating 

., 
M=2.49 x 10-4 x1.25 of . 75 

... (2.15) 

The heating power of a convective stream is 
a 

Q ýf . cp. v. nt dy ,.. (2.16) 

and substituting from equations (2.1), (2.2), (2.4), (2.9) and (2.10) 
and integrating gives 

Q=1.2 x 10-3 x°. 75 A4.25 pcp ,,, (2.17) 

and the mean temperature of the stream nt is therefore 

Af =p.. (2.18) 
P 

substituting equation (2.13) and (2.17) and rearranging yields 

nt 3 0.4 &tw ... (2.19) 

which indicates that the mean temperature of the stream is dependent 
solely upon the relative surface temperature. 

2.2.2. Turbulent flow 

Although the velocity and temperature profiles of turbulent convective 
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currents differ in shape from laminar profiles, they can be described 
by essentially the same type of equations. If the velocity profile is 
expressed as 1 

v= v* Y_ 7 1- X '' 
.... 

(2.20) aa 

the maximum velocity, vmax, will occur where = 0, i. e. at y= 

and substituting into equation (2.20) leads to 
vmax = 0.535 v* ... (2.21) 

Again, as for laminar flow, introducing equations (2.20), (2.21) and the expression of the temperature profile 
At = AN (1- (ý) 7) ... (2.22) 

into the turbulent flow equation for the boundary layer, it is possible to express the maximum velocity, vmax, and the width of the boundary 
layer, d, as a function of the relative surface temperature, ntw, and the distance along the surface, x. 

This relationship can either be expressed in non-dimensional forms 
Remax = 0.64 Gr 0"5(1+0.49Pro. 66)-o. 5 

... (2.23) 
and 

X=0.57 Gr o. ipr o. s3(l + 0.49 Pr0.66)0.1... (2.24) 
or in simplified expressions 

vmax = 0.1 x 0. s ot9.51 ... (2.25) 
and a=0.11 x 0.7 ntW0.1 ,.. (2.26) 
for which values for the physical properties of air at 200C and 1 
atmosphere pressure have been substituted. 

Volume flow,. momentum flux and the heating power are defined, as 
previously, in integral forms by equations (2.11), (2 . 14) and (2.16). 
By substituting equations (2.20), (2.21), (2.22), (2.25) and (2.26) 
as appropriate and integrating, they can be expressed as functions of 
the relative surface temperature and the distance along the surface, 
i. e. 

V=2.94 x 10-3 x 1.2 At .4... (2.27) 
M=2.01 x 10-4 x 1.7 etw" 9 P. ... (2.28) 

and Q=0.694 x 10-3 x 1.2 otI. 4 p cp ... (2.29) 

It is also useful to define the mean arithmetic velocity, var, and 
the mean square velocity, vs , as these concepts will be used later 
when a relationship between 2onvective 

currents and the replacement 
jets is derived. 
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The mean arithmetic velocity is defined as 
_ 

Volume Flow V var - Area of ream sf... (2.30) 
and the mean square velocity is 

Momentum Flux M 
Vsq - Mass ow ... (2.31) 

The expressions for the mean arithmetic and mean square velocity have 
therefore älsb been included in Table 2.1. 

For completeness, formulae for the coefficient of heat transfer, 
h, the local rate of heat flow q as well as the Nus-seit number are 
given below. 

The average value of the coefficient of heat transfer is 

Fi =-WX 
... (2.32) 

The local rate of heat flow, q, is'derived from the condition dAt q= -a ( L 
... (2.33) 

for y=0. Hence, if q= hatw, 
h== -a(), otWi ... (2.34) 

do t and Nu (may )W x AtW ... (2.35) 

2.2.3 Resume 

A literature survey has shown that there is no data available on the influence of room air movements on convective currents. In particular the transition from laminar to turbulent flow may be influenced by 
room turbulence, and it is in this region that convective currents 
generated by a number of the most common sources of thermal flows lie. 
The values quoted by Billington6 (laminar flow Ra <5x 108 , turbulent flow Ra > 109) should be the more appropriate to realistic 
situations. 

Equations describing parameters of natural convective currents, both 
in the laminar and turbulent regions, have been calculated. Physical 
properties of air at 200C and atmosphere pressure have been used to 
derive simplified equations to be used in the calculation of replace- 
ment jets. All equations are summarised in Table 2.1. The simplified 
equations are valid for air temperatures not too widely different from 
those used in their calculations. In other cases the non-dimensional 
expressions should be used. It is also important to note that all 
the formulae are valid for Prandtl numbers close to unity. This 
condition is automatically fulfilled when air is the fluid as the Pr 
number of air varies little (0.69- 0.73) for the temperature range 
encountered in the study of room air movements. 

The area that warrants experimental investigation is the influence 
of room turbulence on the main parameters of convective currents. 
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TABLE 2.1 Natural convection. Simplified formulae valid for air 
temperatures near 20°C and normal atmospheric pressure. 
For other cases use dimensionless formulae. 

&tw = Tw Ta (m); p(kg-m ); cp (J kg"1K-1) ;x (m) 

LAMINAR 

General Simplified Unit 

Vmax 0.148v* 0.108x0. setw. 5 -1 

Remax 0.766(0.952+Pr)-o. 5Gr0.5 - 

v* 6.75 Vmax ms-1 

a 4.93xlO-2x0"25etw -0.25 m 

3.93Pr-0"5(0.952+Pr)0.25Gr-0.25 - X 

V 0.083v*6 - 3xl0-3x0.75010.25 m35-1* 

M 0.953x10-2v*26p 2.49xl0-4x1.25At . 75p kgms-2* 

Var 0.5625 Vmax ms-1 

vsq 0.77 vmax ms-1 

nt 0.4 etw °C 

Q PCP Tt V 1.2Xl0-3x0.75At1.25PCp 'W 
W* 

0.679(0.952+Pr)-0.25Pr. Gr. a W* 

Nu 0.508Pr0"5(0.952+Pr)-o. 25Gr°. 25 - 

0.377Gr0.25 - 
N 1.3 Nu - 

h Nu ax-1 0.9xl0-3x-0.25ntO. 25pC Wm-2K: 1 
p 

Fi 1.3 h Wm-2K-1 

hntw 0.9xl0-3x-0.25ot. 25pcp Wm-2 

* per m run 



TEXT BOUND INTO 

THE SPINE 



36 

ABLE 2.1 continued. 

TURBULENT 

General Simplified Unit 

ft ax 0.535v* O. lxo. 5ntW"5 ms-i 

emax 0.64(1+0.49Pro. 66)-o. sGro. s - 

1.87 Vmax ms-1 

0.11x°. 7Mt °. 1 m 

0.57Pr-0.53(1+0.49Pro. 66)0. lGr-0. l - 

0.142v*d 2.94x10-3XI. 2ot .4 m3s-l* 

0.0523v*sp 2. O1x10-4x1"7otW"9p kgms-2* 

ar 0.27 vmax ms-1 

Sq 0.658 Vmax ms-1 

0.236ntw - °C 

Cpt Vp 0.694x10-3X1.2ott"4pCp W* 

0.0227(1+0.49Pro. 66)-0.4pro. 46GrO. 4X W* 

V 0.0301PrO. 46(1+0.49PrO. 66)-0.4GrO. 4 - 

0.0227Gr°"4 - 

ü 0.83 Nu 

Nu Ax-1 0.834x10-3x°"20tW"4 PCp Wm-2K-1 

0.83 h Wm-2K-1 

het 
w 

0.834x10-3x0.2Atw"4pC Wm-2 

1 

per m run 



37 

2.3 REPLACEMENT JETS 

In the overwhelming majority of cases, where room air movements are 
studied, the convective current will be substituted by a plane wall jet. In some instances, such as a free standing panel radiator, a 
plane jet would be the appropriate replacement. In 2.2 the para- 
meters describing convective currents have been determined. 

In this chapter 2.3 the most appropriate expressions for plane jets 
and plane wall jets will be identified to enable a theoretical 
attempt, in the following chapter 2.4 to be made at establishing 
parameters of replacement jets directly from the relative tempetature 
differential and physical size of surfaces generating convective 

-currents. 

As has been' shown, the convective currents, that are to be replaced by 
jets, could be either in the turbulent or in the laminar region, and 
will, of course, be at a different temperature to that of the ambient 
air. 

2.3.1. Plane jets. 

The theory of plane Jets, especially turbulent plane jets, has been 
well established2l-3. Theoretical predictions in the fully deve- 
loped flow region are in good agreement with experimental results22, 34-41 

The evolution of a submerged jet, Fig. 2.5, issuing from a nozzle 
can be conveniently divided into four separate zones42,43. The first 
zone, or initial region, is characterised by the axial velocity throughout its length being constant, equal approximately to. the mean 
velocity in the nozzle, and a wedge shaped core of undiminished mean 
velocity surrounded by a mixing layer. The second zone or transit- 
ional region, is where the axial. velocity changes slowly. For jets 
issuing from circular or square nozzles, this region is relatively 
short4 reaching only to a distance equivalent to eight diameters 
from the nozzle. The velocity changes more slowly in cases of 
rectangular jets44. For high aspect ratio slots, the region reaches 
approximately to four times the width and breadth43. The axial 
velocity falls according to ö= f(l). The third zone or main 
region, is where turbulence has become uniform in character and the 
axial velocity diminishes according to vm/vo =f (_). The fourth or 
end region, is characterised by a rapid decay of tAe axial velocity 
and the jet disintegrates into small eddies. 

For jets issuing from long narrow nozzles, i. e. plane jets, the 
second region is the most important: for, as observations have con- 
firmed, 43 45 it extends until the jet finally disintegrates. It is 
therefore possible for plane jets to simplify Fig. 2.5 and to 
analyse their development in only two zones as shown in Fig. 2.6. 
The first zone is the initial, or flow development, region and the 
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second zone becomes the main region where the flow has become fully 
developed - the axial velocity diminishing according to vm/vo - f( ?) 

Jxý 

2.3.1.1. Main Region 

In the fully developed flow region experimental observations have 
shown that plane jets observe certain characteristic laws. The width 
of the jet increases proportionally with distance from the nozzle and the jet apparently emanates from a line source usually situated at a distance, 10, behind the nozzle. The axial velocity decreases with distance from the nozzle. Velocity profiles at successive normal 
cross sections, when plotted in dimensiopless co-ordinates, are identical, as shown in Fig. 2.7 where Frothmann experimental results35 
are plotted. The two non-dimensionalising qualities,. usually referred to as the velocity scale and the length scale, are vm, the maximum 
velocity, and yo 5, i. e. the value of y where v is equal to half the 
maximum velocity: This similarity also applies to temperature profiles 
of non-isothermal plane jets41. 

In order to use these similarity profiles for solving any particular 
problem, it is necessary to predict the manner of variation of the 
non-dimensionalised quantities. 

The general equations of motion in the Cartesian system, i. e. the Navier-Stokes equations and the continuity equation 25 46, can be' 
simplified for a two-dimensional steady flow, where the flow in the 
x-direction is generally much greater than in the y-direction and the 
pressure gradient in the axial direction is neglected, to the form 

vx avx + vy avx =1a ax ax py 
(TL+TT) 

... (2.36) 

" 
ayx + avy 

=0 ax ay 
where vx and v are the mean velocities in the x and y co-ordinate directions andyrL and TT are, respectively, the laminar and turbulent 
sheer stresses. In free turbulent flow, due to the absence of solid boundarie$, TT is much. larges than TL and hence it is reasonable to 
neglect rL. 

For a free, plane jet issuing into a large stagnant environment and 
expanding under zero pressure gradient, the momentum flux of such a 
jet, issuing from a nozzle 2bo wide and assuming a uniform exit 
velocity of vo, is Mo = 2pbo va and therefore, if Mo =M= Constant 

Mo = 2pbovo =2 pv2dy ... (2.38) 

Momentum flux effectively replaces individual values of bo and vo as 
a parameter controlling the behaviour of plane jets. Because the 
momentum flux of flows are important parameters governing room air 
movement patterns, first priority should be given to obtaining as 
near as possible an identity of the values of momentum flux of the 
convective currents and the replacement jets. 
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M= constant implies that 

" otv2 
dy =0... (2.39) 

i. e. that the rate of change of the momentum flux in the x-direction 
is zero. Fig. 2.7 shows that V= f(y 

Vm Yo. 5 
Substituting into equation (2.39) gives 

orpvm'Yo. 5 f2(yö jd (YO. =0... (2.40) 27X i 

The expression f 2() d () is, by definition, invarient and 
therefore 

5 YO. S 

Tx- (V YO. 5) =0 ... (2.41) 

This implies that (vm yo. 5) is independent of x; vm yo. 5'axo. 
Assuming a simple-exponential expressions for the scale factors, 
vm axa and yo. 5 oxb, results in 

2a+b=0 :.. (2.42) 

A similarity analysis of the equations of motion (2.36) and (2.37), 
assuming t/p v2 =f (y/X. ) based on experimental observations and 
dimensional considerations, results in a  -0.5 and b=1. This is 'iq 
agreement with the observed behaviour of plane jets, i. e. vm/vo = f) 

The same conclusions can be reached on the basis of the entrainment 
hypothesis or other considerations. 

To obtain a theoretical velocity the equations of motion (2.36) 
(2.37) would have to be solved. The equations contain three unknows 
-vx, vy and i- and therefore one more equation is required. 

Tollmien21 used the Prandtl mixing length formula to obtain the 
required extra equation and numerically solved the resulting non- 
linear second order differential28 46 equation 

F"2+FF' =0 . to (2.43) 

where v/vm = F' (ý) and 0_ -L . The constant a is an experimentally 
determined coefficient that lates to the construction and shape of 
the nozzle and defines the, degree of turbulence. For the boundary 

condition = 0, o=2.4 and for = 0.5, a value of 0=0.955 is 
obtained. vm G'ortler23 based his vm analysis on the "new" kinematic 
eddy viscosity theory. Other solutions were based on the application 
of the vorticity transfer theory24 29 30 and Reichardt's molecular 
analogy theory 20 25 26. 

A comparison of experimental results 35 36 37 38 39 and theoretical 
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predictions shows that the GÖrtjer'solution gives a slightly better 
fit near the axis of the jet, whereas the. Tollmien solution is 
generally preferred in the outer region46. It has been found that 
experimental velocity (and temperature) distributions can be rep- 
resented satisfactorily by a Gaussian curve38 

m= exp (-A (X)2) ... (2.44) 

where A was found to range from 71 to 75 or 

ým = exp - 0.639 (. yo. 
s)ý ... (2.45) 

Using the experimental results of Fbrthmannr5 and others, Abramovich28 
found that the coefficient a varied from 0.09 to 0.12, depending on 
the aspect ratio and the construction of the nozzle. The lower 
values-are appropriate for convergent nozzles and lower aspect ratios47. 
Experimental results of Reichardt 37 indicate a value of a=0.13, 
which is in agreement with results reported by Newman48 for large 
values of x. For smaller values of ö lower values of a=0.08 
were found. Zijnen38 also found that a varied with the aspect ratio 
of the nozzle. Results of studies of cold air jets issuing from linear 
slots by O'Callaghan, Probert and Newbert41 indicate that the 
coefficient of turbulence, a, varies with the Reynolds number of the 
nozzle (Re = 

? bý v0 ) as shown in Fig. 2.8. The value of the 
0 

turbulence coefficient increases with decreasing Reynolds number, 
significantly for Re <2 x 103. 

Once the relationship of the variation of velocity (and temperature) 
with x and y has been defined, it is possible to deduce all the 
required parameters of the-plane jet. The Tollmien solution leads to 
an expression for the axial, and therefore the maximum, velocity in 
relation to the initial velocity 

Vm 
, 

1.21 
wo ... (2.46), 

box+1o 
The above-expression, and the subsequent equations, are valid for 
uniform initial velocity and temperature profiles in the nozzle. 

If "=2.4 for vm =0 then the angle of divergence of the jet is 

tan a=2.4a ... (2.47) 

and therefore the distance of the apparent source of the jet from 
the nozzle exit is 

10 = 0.41611-0 ... (2.48) 

The half width of the jet is 

+ 0.416) ... (2.49) ö=2.4 ( F _0 
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Equation (2.46) can then be rewritten 

Vm 
_ 

1.2 
... (2.50) 

VO S+0.416 

Volume flow, adapted from Abramovich, is 
Vx 

= 1.2- x. + 0.416 
j .1... (2.51) 

and the expressions for the mean arithmetic velocity and the mean 
square velocity, as defined by equation (2.30) and (2.31), are 
therefore 

är 
_ 

0.49 
Vo 

b-0 + 0.416 ... (2.52) 

and 

Vo 
- 

0.82 
Vo Vx + 0.416 ... (2.53) 

'Y UO 
Since the variation of velocity in a jet is controlled by the 
transverse movement of eddies, which are the agent for the transfer 
of mass and heat, the variation of the mean temperature of non- 
isothermal jets is assumed to be governed by the same laws as that of 
the mean square velocity, i. e. 

AtY E-x-ta 
=- s=. -(2.54) 

oto to-t. a vo .. 

Mean temperature is defined as the ratio of heat content. to mass 
flow. The heat content of the jet is therefore also constant, i. e. 
Qx' = Qo, = Constant. 

The Tollmien solution. predicts that the temperature profile will 
vary in the same manner as the velocity profile, namely , 

At V 
A'm ° im 

... (2.55) 
Other theoretical predictions 27 29 30 however lead to 

AYm vm ... (2.56) 
Experimental observations41 have shown that the square root relation- 
ship is, for practical purposes, the better description. A comparison 
of predicted and experimental profiles is shown in Fig. 2.9. Zijnen38 
devised a more complex empirical equation 

'E I+ 30(0)2 + 2200 ( ö)'' -30000 ( 
o) 

6)exp[-75(x -] (2.56a) 
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The temperature decay along the centre line of a non-isothermal jet, 
because the thermally peturbed layer spreads faster than the momentum 
disturbed layer, will not be identical with the velocity decay. An 
expresssion for moderate temperature differentials has been formulated 
by Abramovich 

Atm V. 
... (2.57) = 0.73 vo 

An empirical equation formulated by Zijnen38 
otm 2.828 
0=r. ý. ... (2.57a) 

'+1.2 

results in an identical ratio as in equation (2.57) when compared 
with equation (2.46) for a=0.1. 

In Fig. 2.10 equation (2.57) has been plotted against experimental 
values obtained by O'Callaghan, Probert and Newbert. The graph shows 
that the experimental results are distributed equally around the 
Abramovich formula, indicating that equation (2.57) can be used for 
predictive calculations. 

More recent data published by Abramovich22 45 gives the formulae for 
the parameters of a plane jet in the main region in a modified form. 
The formula for the axial velocity, 

Vm 
= 

3.8 
x ... (2.58) 70 Tmm 

and the volume flow 

= 0.375 
ox+ 

Ro 
... (2.59) 

o bo o 
contain a correction coefficient ß0 for momentum and the relative 
distance of the source of the jet, 10/bo, has to be known. The modified- 

formulae and the original equations lead to identical answers for 
uniform initial conditions and a value of the coefficient of turbulence 
a=0.09-0.1. The coefficient ße is approximately 

ßo =1-0.22 . 5.0 ... (2.59a) 

where a0 is the boundary layer thickness in the initial cross section 
of the jet. 

The modified expression for the mean temperature of the jet takes into 
account experimental observations that heat and mass transfer and the 
transfer of momentum are not synonymous by introducing a temperature 
dependent term 

Ex 
= 

vo FTa 
(2.60) V 

4 
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For temperature differentials encountered when modelling room air 
movements, the value of the temperature correcting factor would be 
between 0.9 and 0.97. 

The temperature decay along the centre line of the jet is expressed as 
Atm Vx Too 
nto 0.86 ýo . r- ... (2.61) 

For moderate temperature differentials, equation (2.61) would give a 
higher value than that predicted via equation (2.57), as shown in 
Fig. 2.10. Equation (2.57) gives a better fit to the experimental 
results. 

As has been mentioned the relative value of the apparent source of the 
jet lö/bo has tobe known in order to make use of the modified formulae, 
and it is suggested that for uniform initial profiles the value lo/bo 
O. For practical applications such as air conditioning, this 

assumption is acceptable, because the error in design calculations 
resulting from any inaccuracy is negligible. However for calculations 
of replacement jets, the error may be more significant. The variation 
of the distance of the apparent source from the nozzle exit with the 
nozzle Reynolds number for a number of slot widths and initial 
velocities, calculated from measurements made by O'Callaghan, Probert 
and Newbertkl, is shown in Fig. 2.11. Also plotted in the graph are 
values of lo/bo calculated according to equation (2.48) for values of 
a obtained from Fig. 2.8 for appropriate Reynolds numbers. It can be 
seen that, for this particular nozzle geometry, equation (2.48) for 
Re >2x 103 is in good agreement with the magnitude of the measured 
values, but the trend of lo/bo with Re is slightly in the opposite direction. At Reynolds numbers of circa 1000 a step change occurs. 
The probable cause of this sudden change is the laminar flow which 
occurs in the initial region of the jet resulting in the location of 
the apparent source of the jet moving downstream of the nozzle. Zijnen 8 found lo= 1.2 bo for higher nozzle Reynolds numbers (Re>104), 
which gives some support to the trend shown by the experimental data 
in Fig. -'2.11. 

2.3.1.2.. Initial Region 

The initial region, Fig. 2.5, is characterised by having a core where 
the jet retains its original properties. With increasing distance 
from the nozzle the original material in the core gradually becomes 
diffused due to mixing with the surround air. Up to the point of 
disappearance of the core, the axial velocity remains unchanged. 

The initial region, or the flow development region, can also be 
described as a core surrounded by two plane sheer layers; its length 
depending on how quickly turbulence can penetrate to the axis of the 
jet. 



50 

5 

9,3 
0Q 

--ý. ý0- 

22 10/bo=0.416/a for a. f(Re) 

11 

0 bo(mm) 
ä'1 6L 
a 
0-2- 

14° 

U-3 f20 

V .4I 
M 

Z 

. 70ý- 

-g 
0'123456`78 

Nozzle Reynolds number 
(Re= 2bo 

0 

ZIJNENI 
" 

Re> l 

Fig. 2.11. VARIATION WITH REYNOLDS NUMBER OF RELATIVE 

DISTANCE OF APPARENT SOURCE OF JETS FROM 

NOZZLE EXIT 



51 

Shear layers, see Fig. 2.12, display similar properties as plane jets. 
The thickness of the shear layer increases continuously with x and the 
velocity profiles are similar, but not symmetrical with respect to the 
x-axis. When successive velocity profiles are plotted in dimensionless 
co-ordinates they are identical, as in Fig. 2.13 where the Liepmann- 
Laufer49 observations are shown. The distance h* (see Fig2.1ý) is 
measured from the point where v= vo and the length scale is ho. s, 
i. e. the distance h* where v=0.5 vo. 

To solve the equations of motion (2.36) and (2.37) for the plane shear 
layer, as previously, one more equation is required. Tollmien-21 
constructed the third equation using the Prandtl mixing length theorem, 
and solved the general equation. 

= F' (ý) V0 ... (2.62) 

where 0= äx. The co-ordinates x and y are shown in Fig. 2.14 and a 
is an empirical constant. Using boundary conditions Tollmien found 
for = 1,0 = 0.981; for = 0, ý2 = 2.04; and for = 0.5, 

VO 00 
"o. s = 0.346. Görtler23 employed the constant eddy viscosity model 
to obtain a solution. Both the Tollmien and Gortler solutions agree 
reasonably well with experimental observations 25 36 49 50, and when 
replotted in uniform co-ordinates show only a small difference when 
compared with velocity profiles of plane jets. 

Leipmann and Laufer49 found that the value of the empirical constant 
in the Tollmien solution to be a=0.084, which is in agreement with 
Newman48 for small values of x/bo, whereas Albertson et a136 found 
a=0.09. Taking a mean value of a=0.087, the thickness of the 
shear layer is found to be 

bs =ax (ý "2) = 0.263x ... (2.63) 

and the angles of spread of the shear layer are al = 4.900 and a2 = 100. 

The length of this initial region is 

Li =b=1.02 
ao 

1 ... (2.64) 

which-for the mean value of a gives Li = 12 bo. 
, 
Baturin45 quotes a 

slightly higher value of Li = 14.4 for uniform outlet velocity 
profiles and 10 = 0. 

If the value of " is known, the half width of the jet in the initial 
region can be calculated from 

=1 +2.04 ax 
U-o ... (2.65)* 

Integration of the expression for volume flow results in 

=1+0.43 
0 

ax 
.... (2.66) 
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and therefore the mean square velocity 

Vss 
_Yo (2.67) ö ax 

and the mean arithmetic velocity 
vx ax 

Vr 
_- 

Vn- 
=1+0.43 

bn- 
... (2.68) 

VCx 1+2.04 ax 
bo o 

If the heating power of a jet is assumed constant and the transfers of heat and mass synomynous, equation (2.54) also applies in this initial 
region. There is some evidence that a more rapid decay of temperature 
than velocity occurs in the initial region of a jet. Frean and Billingtonsi, in their study of non-isothermal jets from a sharp-edged 
square orifice showed that the fall in temperature appears to take 
place right from the outlet and that the temperature core length was less precisely defined. The length of the temperature core was circa three quarters of the velocity core. Fig. 2.15, based on data obtained by O'Callaghan, Probert and Newbert in their study of non-isothermal 
plane jets 41, suggests that the centreline temperature decay begins 
at approximately seven tenths the distance where the decay of velocity is first noticed. 

If the initial regions is treated as a shear layer, a discontinuity 
could occur at a point where the main region begins; the discontinuity 
being caused by the small difference in the velocity (and temperature) 
profiles (see Fig. 2.16). A discontinuity would not occur at only-one 
specific condition, i. e. tanai = tanaM or 

a-i 
= 

2'04 
= 1.176 

... (2.69) 
where ai isýthe coefficient of turbulence in the initial region and aM 
in the main region. Equation (2.69) demands that ai > a'M, by circa 
18%. Experimentally obtained values indicate, for high nozzle Reynolds 
numbers, an opposite trend: the values range from 0.09 to 0.13 for the 
main region and 0.08 to 0.09 for the initial region. 

One way of overcoming the discontinuity is to assume a constant value 
of boundary 0 and of the coefficient of turbulence a for the whole jet, 
usually equal to the main region values. This approach is justified 
in technical practice where the ini. tial region is of little importance, 
and any error due to such a simplification is well within design 
accuracy. To achieve such harmony the value of 2.4 should be substituted 
for 2.04 in equation (2.65) and (2.68). 

A more accurate approach may be necessary if plane jets are to be used 
to replace convective currents. One possibility is to move the apparent 
source of the jet 0, see Fig. 2.17, by a'distance elo to a new position 
0' located at a distance lo' from the nozzle exit, so as to achieve an 
identical half-width of the jet at a distance Li, i. e. at the end of the 
initial region. From geometrical considerations, using equations (2.48) 
(2.49), (2.64, (2.65) and the values of +i = 2.04 and ýM = 2.4, it can 
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be shown that 
{° M Alo = 1.02a- 0,85} ... (2.69a) 

Mi 
The new location of the apparent source of the jet, 0' is therefore 
located at a distance l'0 from the nozzle exit given by 

10' = 10 - olo ... (2.70) 

and substituting equations (2.48) and (2.69a)this becomes' 

lo' 
aM 

1.283 - 1.02 
ai ... (2.71) 

For example, -substituting the mean values-of am - 0.1 and ai = 0.087 
into equation (2.71) results in the apparent source of the jet being 
displaced from 10 = 4.16 b°, as per equation (2.48) to lo' = 1.11 bo. 

Experimental results, as plotted in Fig. 2.8, indicate that the 
coefficient of turbulence in the main region decreases with increasing 
Re number. If this is so, then, with regard to equation (2.48), the 
relative distance of the apparent source of the jet from the nozzle, 
lo/bo, should increase with increasing nozzle Reynolds number. However, 
experimental data for low Reynolds numbers, as plotted in Fig. 2.11, 
shows an opposite trend; a decrease in the value of lo/bo with 
increasing Reynolds numbers. Based tin experimental results as relat- 
ively high Re numbers, Zijnen observed lo/bo = 1.2 and Baturin 
suggested that, for uniform initial conditions, the value of lo/bo =0. 

Such behaviour, contrary to expected trends, may be explained with the 
help of equation (2,71). Taking the experimental data of O'Callaghan 
et al, as plotted in Fig. 2.8 and Fig. 2.11, it is possible, using 
equation (2.71) to evaluate the value of the coefficient of turbulence 
in the initial region, al. The calculated values of ai, as well as 
the original data, are plotted in Fig. 2.18. In the graph in Fig. 2.18a, 
the value of ai rises more sharply than that of aM , with decreasing 
Re numbers, until a point is reached where the value of ai decreases 
very rapidly., This occurs at approximately Re ="2 x 103. There is 
some evidence that for certain nozzle conditions the value of ai is 
greater than aM52. 

The sharp fall of the value of the coefficient of turbulence in the 
initial region can be explained by the onset of laminar flow in at 
least a part of the initial region. For this part of the function 
ai =f (Re), i. e. for Re <2x 103, the value ai must be a mean value 
over two distant sections-of the initial region, as illustrated in 
Fig. 2.19. The relative lengths of the laminar and turbulent sections 
will obviously also vary with the nozzle Reynolds number. The value of 
the laminar section coefficient of turbulence, aL, should be relatively 
insensitive to the Reynolds number. A visual evaluation of temperature 
perturbation interferograms41 indicates an approximate value of 
aL = 0.05. 

On the right hand side of Fig. 2.18a is shown, as previously mentioned, 
the range of typical experimental values of am and ai for higher nozzle 
Reynolds numbers. Applying equation (2.71) to these values results in 
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a range of possible relative distances of the apparent source of the 
jet from the nozzle, lo/bo, as shown on the right hand side of Fig. 2.18b. 
There are two main points to be made. The first is that all the values 
of lo/bo calculated according to equation (2.71) lie below those 
calculated using equation (2.48). The second point is that it is 
possible to achieve lo/bo =0 with ý combination of the most commonly 
quoted values of am and ai, namely am = 0.1 -v. 0.11 and ai = 0.08-s-0.09. 
This supports the recommendation, appropriate to high nozzle numbers, 
that for uniform initial conditions 1n 

B O. 
0 

Based on a theoretical analysis of the flow in the wake behind a plate, 
Abramovich22 obtained, for non-uniform initial velocity profiles, a 
relationship for the length of the initial region. 

L, = Li - 2.7d0 ... (2.72) 

where 8Q is the boundary layer thickness in the initial cross section 
of the jet. For the extreme condition when the entire initial section 
is occupied by the boundary layer, i. e. do = bo, the length of the 
initial region would be -9 bo instead of =12 bo obtained--from 
equation (2.64). 

The position of the apparent source of the jet is also affected by 
non-uniform initial conditions, moving further upstream by approximately 
the same distance as the initial region has been shortened. 

2.3.2 Plane wall jets. 

A plane wall jet is, in essence, a special case of a plane jet being 
discharged from a nozzle tangentially on to a smooth flat plate which 
is submerged in a semi-finite expanse of identical fluid. A plane wall 
jet is shown schematically in Fig. 2.20. In the initial region not 
only does a shear layer develop on the fluid side, but a boundary layer 
develops on the wall side. The main region is characterised by the 
disappearance of the potential core, which occurs at a point, L1, 
where the developing boundary layer meets the penetrating shear layer. 
The velocity profiles, as expected, show a similarity in the developed 
stage of the jet when the appropriate scale factors are applied. 
Fig. 2.21 shows a dimensionless velocity profile based on Forthmanns 35 
experimental observations for values of x/b0> 20. The velocity scale 
factor is vm and the length scale factor is y0 . Further experiments 
on wall jets have been made by Zerbe and Selna9 , Sigala5`', Meyers et alss, 
Schwarz and Cosart56 and a comprehensive bibliography has been compiled 
by Rajaratnam and Subramanya57 and by Gauntner, Livingood and Hrycak58. 

Theoretical considerations, following closely the arguments for plane 
free jets, lead to similar simplified equations of motion (equations 
(2.36) and (2.37)). The integral momentum equation leads to an identical 
solution as equation (2.42) if, as a first approximation, a zero change 
in the momentum flux in the x-direction, as expressed by equation 
(2.39), is assumed. A similarity analysis results, therefore, in 
a= -0.5 and b=1 for the assumed simple exponential expressions for 
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Fig. 2.20. DEFINITION SKETCH OF PLANE WALL JET 
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the scale factors, vm'« xa and ya. 5« x b. This does not strictly 
apply, and if the presence of the wall shear stress term Tois not 
ignored, equations (2.39) becomes 

ax- 0fp 
v2 dy =- To ... (2.73) 

The presence of the sheer stress term will evidently reduce the exponent 
a to less than -0.5. If To -x c is assumed then, with regard to 
equation (2.73), 

2a +b-1=c... (2.74) 

which, for b=1, we have that 2b = c. If the first approximation, 
a= -0 5, is accepted then c= -1. Thus for plane turbulent wall jets 
Vm i//-, x ; Yo. 5 .x and To « 1/x. 

Glýuert 59 sought a theoretical solution of the boundary'. 1ayer_ca1"culations 
according to which the form of velocity distribution across the jet 
would not vary along its length. For laminar flow Glauert obtained a 
similarity solution explicitly. For turbulent flow, molecular viscosity 
has to be replaced by eddy viscosity varying in a plausible manner over 
the velocity profile. In the boundary layer an eddy viscosity based 
on Blasius's one-fourth pow r friction formula for turbulent flow in 
pipes, which implies vQy 

i/7, 
was used, whereas Prandtl's hypothesis 

for free turbulent flow, and therefore constant eddy viscosity, was 
assumed in the outer layer. The solutions were then matched at their 
boundaries. However, this approach implies that complete similarity 
of velocity profiles is not possible as the shape of the profile is 
influenced by a Reynolds number dependent constant, a. Fortunately 
the profile is relatively insensitive to a change in the value of a and 
therefore, within attainable practical accuracy, the profiles could be 
considered similar. The part of the velocity profile beyond the 
velocity maximum shows such an extreme insensitivity that the outer part 
of the profile, especially of a laminar wall jet, is virtually the same 
as that of a plane jet. 

Experimental observations of Bakke60, Meyers et a155 and Schwarz and 
Cosart56have shown that the velocity gradient near the wall is greater 
than predicted by Glauert. The vel? cj y distribution in the boundary 
layer is better described by vy. It was-also found that the 
turbulent shear stress was not zero at the velocity extreme, but at a 
point closer to the wall. 

Meyers et a155 found that for 
v> 

10 the logarithmetic law is valid 
in the form 

= 5.6 log (y V*) + 4.9 ... (2.75) 
v* ý 

where v* =T Different values of the constants have been 
found by Mathieu and Tailland61 namely 4.45 and 10.3 respectively. 
For lower values of y- V* a simpler law applies: - 

V 
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* I=y 
y* v ... (2.76) 

Verhoff62'found an empirical equation to describe the similarity curve 

v 1.48 (Y- )1/7 [ 1'- erf 10.68 (y )}] (2177) Vm Yo. s Yo. s ... 
An average curve of velocity decay of a number of available observations 
54 55 56 63 64 is plotted in Fig. 2.22. The average curve is well 
described by the equation 

vm 
=C... (2.78) 

So 
where C=3.5. The value of the constant C is well within the range of 
experimental values obtained for plane free jets. To be comparable 
with equation (2.46) the constant C can also be expressed as 

C=1.21 ... (2.79) 
a 

where a is the coefficient of turbulence. The mean value of-this 
experimentally derived coefficient is usually quoted as a=0.1 for 
plane jets. Substituting this value into equation (2.79) results in 
C=3.83. This may indicate that the influence of the wall could, on 
the average, reduce the maximum velocity by circa 8% when compared with 
a plane free jet of 2 bo nozzle width. 

Because of the growth of the boundary layer the length of the initial 
region will also be affected. Evaluation of the one-seventh power law 
equation for Re = 104 and Re = 105 results in Li = 6.1bo and Li = 6.7bo. 
These values are in good agreement with experimental observations. 

Rajaratnam46 obtained an expression for volume flow 

21+0.04 + 0.0046 (bo)ý"8 ... (2.80) 101 E-o 

which gives identical results to those calculated with equation (2.66) 
for a=0.1 and only approximately 3% higher than for a=0.087, which 
is the mean value for shear layers. 

For the purposes of calculation of replacement jets, wall jets can be 
calculated as for plane free jets of a nozzle width of 2bo. The error, 
especially in the initial region, is negligible. The only parameter 
that is significantly affected by the presence of the wall is the length 
of the initial region. The roughness of the wall surface has an effect 
on the growth of the boundary layer and velocity decay. It is of 
benefit, when considering replacement jets, to use smooth wall surfaces 
and thereby increase the predictability of calculations. 

2.3.3. Influence of b ucyancy forces 

By definition, replacement jets will be non-isothermal. They will 
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either be heated jets discharged vertically upwards or cold jets 
downwards, i. e. in both cases the Archimedeän - forces of buoyancy 
will be acting in the direction of the initial flow from the jet 
nozzle. 

Buoyancy forces will influence all parameters of the jet. The basic 
principle that describes the actions of Archimedean forces is simple, 
but the whole phenomenon of non-isothermal vertical jets is extremely 
complex. Not only do the temperature and velocity vary along both the 
x and y axes but their variations are themselves functions of buoyancy 
To further complicate matters, the energy generated by Archimedean 
forces can be dissipated by an increase in momentum flux, volume flow, 
friction on the wall surface and in the mixing layer. Some of the 
enery dissipated as friction will be transformed into heat and thereby 
further complicate the issue. 

Although there is a considerable amount of theoretical and experimental 
information available concerning the behaviour of isothermal jets, there 
is comparatively little which deals with air streams initially at higher 
or lower temperatures than the surrounding air. The published inform- 
ation is exclusively concerned with problems that are encountered in the 
ventilation or air conditioning of spaces and therefore concentrates on 
the problem of curvature of the centre line of a jet. The jet is 
usually introduced into a room horizontally, or at an angle moderately 
different from horizontal. In order to be in a position to judge the 
importance of buoyancy forces in the calculation of replacement jets, 
two simplified cases will be examined; a more indepth study for this 
purpose would not be warranted. 

In the first case the effect of buoyancy on centre line velocity is 
examined. The velocity along the centreline of a heated plane jet 
issuing vertically from a linear slot will be higher, due to the forces 
of bouyancy acting in the direction of the initial flow, than predicted 
for an equivalent isothermal jet. An element of the jet would have 
reached x' instead-of x,, see Fig. 2.23, in an equivalent length of time. 
The velocity at x' is a summation of two components 

Vm' _ vm +W ... (2.81) 
where vm is the velocity of an equivalent isothermal jet at point x,. 
and can therefore be calculated according to equation (2.50) if 
x> Li, i. e. in the main region, or if x< Li then vm = vo. The 
buoyancy component, w, can be expressed as 

T 

w= 0ja pdT ... (2.82) 
where a is the acceleration due to buoyancy as defined by the 
Archimedean Law 

ap _9 
pa-pm Tm - Ta 

... (2.83) 
Pa Ta 

In the above expression g is the acceleration due to gravity and Pm 
and Tm are the density and absolute temperature of the centreline of 
the jet, i. e. the maximum values, and p0 and Ta the density and 
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absolute temperature of the ambient air. If di = ., substituting 
equation (2.83 for ap, equation (2.82) can be rewritten 

w= OfXg 
Tm - Ta 1 dx 

... (2.84) Ta- 7m 
For the main region of the jet, an expression for (T T) can be 
found in equation (2.57). Substitution and integration yields 

w=0.73 -g- 
To J a 

Vo 
().... (2.85) Ta- 

or 
ýo = 0.73 Aro S 

... (2.86) 

where the Archimedean number for the flow at the nozzle 
g bo To - 

Ta 
Aro - voZTa ... (2.87) 

The additional length an element would have travelled, ox = x'-x, can 
now be found 

T 
ox =0f wdT ... (2.88) 4 

Substituting equation (2.85) for w, dr = 
dx 

and equation (2.50) for 
vm; after integration vm 

ex = 0.243 4-2 To-Ta) ä°ý21(F 
+ 0.416)2.5-0.693 (+0.416)1.5+0.0743 

o 
.:. (2.89) 

If it is assumed that lo = 0; an alternative, less accurate, equation 
can be obtained, namely 

Ax = 0.243 ra Ar x 1.5" 
... (2.90) T' F-O 

In the initial region of the jet, where vm =-'vo and etm = oto is 
assumed, the corresponding equations are 

_g 
To 

_ 
Ta 

w VO 'ý 
x ... (2.91) 

or 
7o = Aro S 

... (2.92) 

and 
ex = 0.5 

T°--ýa 
x2 ... (2.93) 

VO a 
or 

AX = 0.5 Aro ö 
... (2.94) 

Values of centreline w and Ax calculated according to the above equations 
should always be greater than those actually observed because the 
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equations do not take into account friction and mass interchange with 
the rest of the jet moving at a lower velocity. For this reason 
when used to evaluate the effect of buoyancy on the centreline velocity 
of non-isothermal vertical jets, the answers will always be conserva- 
tive. The equations indicate that both the buoyancy component of 
velocity, w, and the additional length travelled, Ax, are extremely 
sensitive to the initial velocity in the nozzle and to a lesser degree 
to the initial temperature differential. For example, jet parameters 
of b° = 0.005m, ot° = 200C, To = 2930K and an initial velocity w v° = 1.0 m/s will result in a relative rise in centreline velocity, , 
at the end of th initial region (Li = 12b°) of only 4%, whereas ° 
jet parameters of b° = O. Olm, ot° = 40°C and v° = 0.5m/s (same initial 
flow rate at a higher temperature) will result in = 0.64, i. e. a 
rise of 64%. VO 

The growth of . and is slower in the main region of the jet. The 

relative buoyancy component of the vertical centreline velocity wo 

for values of ; -. Li can be calculated directly if equations (2.86) 
and (2.92)are o combined to give 

x- Li 
= Aro. 

( B- 

o+ 
0.73 ; LOi wol... 

(2.95) / 
Similarly the relative additional length, AX 

, can be calculated if 
equations (2.90) and (2.94) are combined so producing 

ro 0.5 Li + 0.243 (X)1. sý """ (2.96) AX =A[ 
00 

Using equation (2.95) for the same jet parameters as used in the above 
example but x/bo = 50, the respective rise in centreline velocity would 
be 13% and 213%. The first value, 13% is more reliable because the 
currently accepted threshold velocity of 0.25 m/s51 occurs at x/b = 226, 
whereas in the second case the threshold velocity has been reached and 
therefore the disruptive influence of all the factors not taken into 
account by the equations may predominate. 

To gain an appreciation of how- buoyancy affects the whole jet some 
radical simplifying conditions will have to be imposed. The first, and 
most important, is that all energy added by Archimedean forces to the 
jet will be transformed into additional momentum of the jet. This is 
probably true for the core of the jet which is unaffected by mass 
exchange with the ambient air. Therefore 

M= Mj +p... (2.97) 

where M is the total momentum of the non-isothermal vertical jet, MM is 
the momentum of an equivalent isothermal jet and Mp is the buoyancy 
generated component. The momentum of an isothermal jet is by definition 
constant and therefore equal to M=p VO v. The determination of the 
buoyancy generated component M., Is 

more di? ficulat. Previous 
discussion has shown that there are a number of reasons why replace- 
ment jets should be designed to keep the values S, as shown in Fig. 2.2, 
as small as possible in order to maximise the temperature advantage of 
replacement jets and to'minimise departures from calculated values. 
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All further discussion will therefore be concerned with the region where 
the profile is just fully developed, i. e. x= Li. 

A factor that should not be dismissed carelessly is the additional 
length travelled ix. If it were not taken into account, the prediction 
would be for conditions at a distance of (x + ex) instead of x from the 
nozzle. For the two sets of parameters used in the previous examples 
equation (2.94) would give relative additional lengths of 2%, for the 
high nozzle velocity, and 32% for the low nozzle velocity and higher 
initial temperature case. 

To be in a position to ascertain the magnitude of the buoyancy generated 
component of momentum flow, Mp, in essence a buoyancy mean square 
velocity component, vsgp, has to be found. The overall square velocity 
vsgT is 

VO Ve 
vsgT = vsgj + vsgp =T vo +T wsq 

... (2.98) 

where vsgj is the isothermal value and Ve is the "effective" volume of 
the jet that is subject to the action of buoyancy forces. Buoyancy, to 
be effective, has to be able to influence an element of the jet for a 
sustained period. The initial volume issuing from the nozzle would 
theoretically comply as it is influenced by gravitational forces for 
the whole interval, but, due to the exchange of matter that is associated 
with turbulent flows in shear layers, the actual "effective volume" will 
be less. For lack of information a conservative estimate Ve = 0.8 Vo 
is adopted. 

In order to calculate the buoyancy component of the mean square velocity 
wsq, assumptions have to be made about how the effective volume, Ve, 
would have to be moved from the nozzle to x under isothermal conditions. 
Because of the general uncertainty, the mean arithmetic velocity (as 
expressed by equation (2.68)) can be considered as sufficiently 
accurate if x/bo is moderate. Although the mean arithmetic velocity 
strictly applies to the total volume, i. e. both the primary and 
entrained component, in the initial region this discrepancy can be 
neglected. The first step'in the calculation, as has been mentioned, 
is to anticipate the lengthening of the trajectory due to buoyancy. 
For this purpose, equation (2.93) is satisfactory and the corrected 
value 

x' =x-0.5 727- 2, 
To - Ta 

x2 ... (2.99) 
a 

is used. Substituting equation (2.83), where equation (2.54) and (2,66) 
have been used to express the tempderature differential, into (2.82); 
utilising equation (2.68) in dr =,.. o and rearranging and integrating 
gives 

] wsq VO ý(T° 
Ta) 

d 43a 3.744 (1+0.43 SI)-1+4.744 loge (1+0.43")-3.774 
11 

[o 

a 
... (2.100) 
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When equations (2.100) and (2.98) are applied to the two sets of para- 
meters the two results are widely divergent. In the first case having 
the higher initial velocity but identical Vo (x/bo = 12, vo - lm/s, 
bo = 0.005 m and nto = 200C) the influence of buoyancy is negligible. 
The isothermal square velocity, vsgj = 0.66 m/s, is only raised by 
6.4% and x is only 2%. In the second case x= 12, vo = 0.5 m/s, 
bo - 0.61' m and nto = 40°C) the effect is sign? ficant; vsgj = 0.37 m/s 
is raised by 61% to a value_of. vsq. = 0.6m/s. These values would 
have been even higher if a correction of Xx = 32% had not been made 
thereby effectively reducing bo to a value of 8.14. 

Buoyancy could have a beneficial effect on the sensitivity of sizing 
of replacement jets in the initial region. If the nozzle width is 
oversized, i. e. the initial velocity and momentum flux are lower than 
they should be, buoyancy will have more time to exert its influence 
and thereby raise the momentum flux and maximum velocity at the 
replacement cross-section. If the initial velocity is higher then 
the effect of buoyancy will be negligible. 

The acceleration of the jet may also affect its angle of spread and 
therefore the coefficient of turbulence a. From simple geometric 
considerations, the modified coefficient of urbulence is 

at =a ... (2.101) 
+ 

Xx 

If a=0.09 and Xx 
= 0.32, as in the second example, the modified 

coefficient of turbulence a' = 0.68. Such behaviour could result in 
a substantial lengthening of the initial region from 12bo to l6bo for 
plane jets and from 7bo to lobo for wall jets. 
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2.3.4. Resume 

In this chapter the most appropriate expressions for replacement jets 
were identified and where not readily available, an effort has been 
made to deduce such formulae theoretically or from existing 
experimental data. To maintain the temperature differential advantage 
gained when convective currents are replaced by non-isothermal jets, 
it is essential to minimise the distance from the nozzle to the cross- 
section where the substitution takes place, i. e. from the nozzle to 
where the edge of the original convective surface would have been. 
Primarily for this reason, an emphasis has been placed on the analysis- 
of the behaviour od jets near the end of the initial region, especially 
as there is a dearth of readily available relevant published inform- 
ation. This is hardly surprising, as most of the information available 
is connected with the most frequent technical applications of jets, 
such as air-conditioning, and therefore some aspects, important to 
replacement jets, are not considered at all or the information is 
incomplete. 

The initial region was examined in greater detail, with an emphasis 
on flows at low nozzle Reynolds numbers, and an attempt was made to 
reconcile apparently conflicting data concerning the coefficient of 
turbulence, the position. of the apparent source of the jet and the 
length of the initial region. 

A review of wall jets has resulted in the conclusion that, for the 
purposes of the calculation of replacement jets, wall jets can be 
treated as plane free jets of twice the-nozzle width. The only parimeter that is significantly affected by the presence of a wall is the length 
of the initial region. 

The most appropriate formulae for the calculation of replacement jets 
are tabulated in Table 2.2. The decision which to include, where 
alternatives were available, was difficult;: as a balance had to be 
achieved between accuracy, and usually complexity, and the need for 
clarity required for the practical task of predicting what would be 
suitable replacement wall jets. In some instances, for example the 
formula governing the decay of axial temperature, the simpler 
expression described more accurately the available experimental results. 

By definition, the replacement jet will be non-isothermal, discharged 
vertically, and the direction of initial flow of the jet and of the 
buoyancy forces will be coincidental. There is a dearth of information 
on this specific problem. Although the basic principle, the action of 
Archimedean force, is simple to understand, the whole phenonenon is 
extremely complex. A theoretical study has shown that for low initial 
velocities and higher temperature differentials buoyancy forces could 
modify the jet, even in the initial region. Fortunately, buoyancy 
could also act as a stabilising force and make the calculation of 
replacements jets less sensitive. Further experimental work is 
necessary. Approximate formulae for the assessment of buoyancy on 
replacement jets are tabulated in Table 2.3. 
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TABLE 2.2 Formulae for parameters 
main region. Wall jets 
bo is the width of the 
presume uniforiviriitial 

of plane jets in the initial and 
are treated. as plane jets where 

wall jet nozzle. Formulae 
. condi'tions. 

Parameter Initial Region Main Region Unit 

Coefficient of For Re>10'', ai=0.08-0.09 smaller values of b- 
turbulence For Re<6.103 see Fig. 2.18 aM=0.09-0.11 0 

a larger values of S; aý1 
up to 0.13 

Angle of spread 2.04a i 2.4a M tan a 

Apparent bo bo am 
source 0.49 a, UM (1.283-1.02 ai ) 

o m 

Initial region 
L" 

bo Non-uniform where So =nozzle 1.02 Li - 26 d b l ' 
- 

pane jet oun ary ayer o nozzle profile i m 
thickness 

- wall jet 0.6 Li m 

- temperature core 0.7 Li: in 

axial velocity 
ý 1 1.2 (+0.416)-o. s 

axial 
tem perature 1. 0.73 

Atw vo 

volume flow 

" _ 1+0.43 F- 1.2 (+0.4l6)°. 5 
VO 0 

mean arithme- 
tic velocity 

" .l+0.43 - yar ax 
0.5 0.49 (ax + 0.416) 

1+2.04 S E - o 
v 0 6 

mean square 
velocity 

versa 
0 

(1 + 0.43 ý)-1 0.82 (B- + 0.4l6)-°. s 
0 0 
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mean tempera- 
ture 

Atx vo 
nto Yx' 

half-width 
bx 1*2.04 

° 

V0 
6Ta)o. 5 T To 

2.4 (ý + 0.416) 
0 

6 

m, 
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2.4 THEORETICAL CALCULATION OF THE REPLACEMENT JET FROM 
CONVECTIVE SURFACE PARAMETERS-. 

The problem that has to be solved before non-isothermal jets are used 
to replace convective currents in models is the prediction of the basic 
parameters of the replacement jet, i. e. initial velocity, temperature 
and width and position of the nozzle, from the vertical dimension and 
surface temperature of the convective surface. The jet replacing the 
convective current, in order to be effective, has to influence room 
air movements in an identical way as the original convective current. 
To conform to this condition the following parameters, in order of 
their importance, will have to be identical as accurately as possible 
- momentum flux, maximum velocity and the mean temperature, defined 

as the ratio of heat content to mass flow. The similarity of the 
velocity and temperature profilesis to a certain extent given if 
the above parameters are identical. 

2.4.1. Fundamental calculation 

Consider a convective surface having a height H and a surface temper- 
ature differential otw. These two values are sufficient to define all 
the parameters of a convective current leaving the top edge of a 
heated surface (or the bottom edge of a cooled surface) �as given in 
Table 2.1. The nozzle of the replacement jet will be at a distance 
S, see Fig. 2.24, from the top edge of the original heated surface and 
will have a nozzle width bg and an initial velocity v. As previously 
mentioned, in order to maximise the temperature advantage of replacing 
a convective current by a non-isothermal jet, flow in the initial 
region will be considered. Uniform initial conditions are assumed, 
i. e. vo = Varo = vsgo 

Flow in the initial region assumes vm = vo. If the maximum velocity 
of the replacement jet velocity profile, vm is required to be 
identical with the maximum value of the convective velocity profile. 
vmax, i. e. vm = vmax, then 

Vo a Vm 
... (2.102) 

The boundary layer thickness is also, assumed identical - bs = d. 
Using expressions from Table 2.2. 

gars 1 +'0.43 aS 

=o... 
(2.103) 

VC) 1+2.04 b- 

)-1 ... (2.104) 
Vsgs 

= (1 + 0.43 u-o 

ö= 1+2.04 ö 
... (2.105) 

By substituting equation (2.103) and (2.104) into (2.105) it can be 
shown that 
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bo =a 
wars Vsgs 

V02 
... 

(2.106) 

The condition of equivalent momentum flux demands that vsgs = vsgc 

and if vars = varc is also assumed, by substitution for vsgc and varc 
from Table 2.1, for turbulent flow conditions of the original convective 
current the nozzle width of the replacement jet can be defined as 

bo, I.. = 0.178 a ... (2.107) 

and for laminar flow 

boL = 0.433 a ... (2.108) 

Initial volume flow, Vo = bo vo, is then 

vOT = 0.178 Vmax 6 ... (2.109) 

or 
VOL = 0.433 Vmax 6 ... (2.110) 

and the momentum flux, M= Vo vo p, is 

0.178 V2 a "" (2.111) 
max 

or 
ML = 0.433 v. a """ (2.112) 

The mean temperature of the convective stream and the replacement jet 
are also required to be identical at x=H. The mean temperature of 
the jet can be expressed as 

V 
nts sqs 

... (2.113) 

If ATs- _ Ff-c, Vsgs = vsgc and vo = vmax; by substituting expressions 
for ITC- and vsq from Table 2.1 into equation (2.113) the initial 
temperature differential for turbulent flow becomes 

", &toT = 0.354 &tw ... (2.114) 

and for laminar flow 

ntoL = 0.52 &tw ... (2.115) 

Once the nozzle width, b, and the boundary layer thickness at x=H, 
b=d, areknown, the distance of the nozzle from the top edge can be 
calculated from the angle of spread of the jet, viz., 

tans 
.= s+a10 =b... (2.116) 
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and by rearranging 
1 (a -b o) (2.117) tans o) 

If tana = 2.04 ai, for turbulent flow, substituting equation (2.107) 
for bo, leads to 

ST = 0.4 
ai 

and for laminar flow, using equation (2.108) 
... (2.118) 

SL = 0.28 a 
ai ... (2.119) 

The variation of the initial velocity vo, and width b of the 
replacement jet with the vertical dimension H and surface temperature 
differential &tw of the original convective surface is shown graph- 
ically in Fig. 2.25. Equation (2.25) was used to calculate the 
maximum velocity of the convective profile as a check of the Ra numbers. 
This confirmed that for all values shown in the graph the original 
convective flow was turbulent. The nozzle width was calculated 
according to the equation (2.107) and (2.26). The graph shows that the 
nozzle width b° is more sensitive to the vertical dimension H of the 
original convective surface and less to the surface temperature 
differential, whereas the opposite is true of the initial velocity. 
Also plotted in the graph is the locus of points where the nozzle 
Reynolds number is Re =2x 103. An ambient temperature of 20°C was 
used throughout this calculation. As a generalisation, laminar flow 
in the nozzle of the replacement jet can be expected if the vertical 
dimensions of the original convective surface is less than 2 metres. 

More detailed plots of the variations of nozzle velocity and width for 
smaller values of H are given in Fig. 2.26 and Fig. 2.27 respectively. 
Laminar flow on the original convective surface is presumed if Ra < 
5x 108. The appropriate equations for the calculation of nozzle 
width are (2.108) and(2.10) and initial velocity (2.9). -Turbulent flow is assumed for Ra > 109. The discontinuity caused by a change 
from laminar to turbulent flow on the original convective surface is 
more evident in the nozzle width than in the initial velocity. 

Windows and heating surfaces are the most common components that 
generate convective currents significant enough to influence room air 
movement patterns. The effects of walls, especially if well insulated 
can usually be neglected. It is therefore the convective currents 
generated by scaled down windows and heating surfaces that will most 
frequently be replaced by wall jets when attempting to model room air 
movements. Scale factors of between S=1 and S= 10, resulting from 
the application of modelling rules as set our in Part 1, when applied 
to typical windows (H =1 to 2 m; ntw = 10°C) and radiators (H - 0.5 
to 1.0 m; ntw = 60°C) yield a surprisingly narrow range of replacement 
jet parameters - vo = 0.3 to 0.9 m/s and b° = 0.003 to 0.025 m. The 
nozzle Reynolds numbers indicate that the flow in the nozzle will, as a 
rule, be laminar. The only exceptions are full scale, or near full scale, 
replacement jets for radiators. The above values of nozzle width and 
initial velocity should present no problems in their applications in 
practice. 
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2.4,2. The effect of buoyancy, room air turbulence and non-uniform 
initial conditions. 

It is exceedingly difficult to predict theoretically the effect of a 
number of factors that influence convective currents and jets. Three 
factors considered important are discussed in this chapter. To com- 
pensate for their effects the initial replacement jet parameters - bo, 
Vo, nto, S- can be varied and it would be convenient to establish 
empirical or semi-empirical formulae to achieve this. 

Buoyancy 

Buoyancy affects the replacement jet and, if corrective action were not 
taken, would distort the required parameters at the replacement cross- 
section. One of the assumptions made in chapter 2.3.3 was that all 
energy added by Archimedean forces would be transferred into additional 
momentum flux of the jet and therefore volume flow would, in essence, 
remain unaltered. To compensate for the additional momentum, the 
initial momentum flux of the"jet could be reduced. To achieve constant 
initial volume flow (and therefore also constant heat flux) and reduce 
momentum flux, the initial velocity has to be lowered and, at the same 
time, the nozzle width expanded. Strictly, equation (2.66) showsthat 
nozzle width bo does affect the relative volume flow at a distance x 
from the nozzle, but for typical parameters likely to be encountered 
in replacement jets the influence is insignificant. 

A reduction. in the initial momentum flux of the replacement jet can be 

"achieved in a number of ways. The available options are illustrated in 
Fig. 2.28 where the variation of the overall mean square velocity of 
non-isothermal jets (ato = 20°C) with relative distance S/bQ (i. e. the 
relative displacement of the nozzle from the edge of the original 
convective surface) is plotted for three combinations of b° and v° 
giving an identical initial volume flow of Vo = 0.005 m3/s. The over- 
all mean square velocity was calculated according to equations (2.98), 
(2.99) and (2.100). For example, if the parameters of the replacement 
jet are v° =1 m/s, bo = 0.005 m, at° = 20°C and S/b = 12, the 
required mean velocity at x=H, as per equation (67), vsg3 = 0.66 m/s. 
From Fig. 2.28 it can be seen that. the overall mean square velocity, 
including the buoyancy generated component, is higher vsgT = 0.71 m/s. 
The graph shows that a mean square velocity of 0.66 m/s can be 
achieved by numerous combinations of b°, v and S. If the requirement 
for identical boundary layer width 6= bs ? 

and therefore Vc = Vs) at 
x=H is to be strictly 'adhered to, any change in the initial para- 
meters of the replacement jet can only be made along the "iso-S" 
curve. For invariant S, the nozzle parameters in the above example 
would have to be modified to approximately vo = 0.9 m/s and bo = 0.0056m. 

As had been mentioned in the previous chapter buoyancy may narrow the 
angle of spread of the jet and therefore alter the value of the co- 
efficient of turbulence. To compensate, the distance-of the nozzle from 
the edge of the original convective surface would have to be extended. 
If some variation in the volume flow at x=H is accepted, the graph 
in Fig. 2.28 indicates that less deformation of the nozzle parameters 
is necessary if the parameter S is also varied; for example if the 
value S/bo is kept constant. 
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The above discussion had assumed throughout that all additional energy 
resulting from the action of Archimedean forces would be transformed 
into additional momentum. However, in practice some of the energy may 
also be dissipated in additional volume flow and friction on the wall 
and in the mixing layer and therefore, in many cases, only minimum 
corrective action may be necessary. 

Room air turbulence 

Room air turbulence may influence the convective' current parameters at 
the edge of the convective surface. It may also affect the replacement 
jet but, as H»S, the influence will not be as prominent. 

The convective current parameters (see Fig. 2.24) at x=H when room 
air turbulence is present (denoted by the subscript e) will differ 
from the predicted values by the following factors - the maximum 
velocity of the profile 

K= ve 
... (2.120) 

vmax 

the volume flow I 
Kv = 

Ve 
... (2.121) Tc- 

the momentum flux 

K- ýý 
... (2.122) 

M-ffc-. 

and the heat content of the current leaving the convective surface 

K 
Pe 

... (2.123) Q =7c 

The mean temperature of the current will therefore differ by 

e Kq 
... (2.124) 

t' Z' R- 

the mean arithmetic velocity, as defined by equation-(2.30) 
v_re_ 

= Kv 
vary ... (2.125) 

and the mean square velocity, as defined by equation (2.31) 

vsge 
= 

Kh1 
... (2.126) 

Vsq 7 

If it is the purpose of replacement jets to create as near as possible 
identical flow conditions at x=H, the initial replacement jet 
parameters have to be adjusted to take into account the effect of 
room turbulence. The initial nozzle parameters. that can be varied 
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are bo, eto and Vo. Uniform initial condition, as a first approximation, 
are assumed, although it is recognised that variation of the initial 
profile could lead to a more precise solution. 

Initial uniform conditions and flow in the initial region demand that 
the corrected initial velocity vo' be identical to the maximum velocity 
of the corrective profile. 

Vol = ve =K vmax ... (2.127) 

Substituting equations (2.125), (2.126) and (2.127) into equation 
(2.106), assuming vsgs = vsgc and ears = varc, and-rearranging, gives 
the corrected nozzle width 

_ 
Vars vsgs KM KM 

bo S 
Vö K2 

= bo 
K2 ... (2.128) 

With the help of equations (2.127) and (2.128) the corrected initial 
volume flow can be expressed as 

Vo' = b0' Vo' = b0 V0 T= Vo 
K 

... (2.129) 

As the heat content of a jet remains constant, the corrected initial 
heat content assumes the value Qo' = Qe. Using equations (2.121), 
(2.123), (2.124)-and (2.129) this can be expressed a$ 

Q0' = Kv Vp ät 
>= 

Vo 
wp 

Ato' ... (2.130) 

Rearranging and substituting the ratio of mean temperatures for the 
ratio of volume flows (equation (2.54)) 

Oto' = Ato K KQ KM1 ... (2.131) 

If the values of all the correction coefficients are less than unity 
it is probable that the corrected initial velocity will be lower, 
nozzle width greater, volume flow significantly unchanged and the 
temperature differential smaller than the original values calculated 
for non-turbulent room conditions. 
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Non-uniform initial conditions 

As has been previously shown, laminar flow will occur relatively 
frequently in the nozzle of a replacement jet. Laminar flow, between 
two parallel walls, by definition, is non-uniform. 

When a fluid flow between two parallel walls, see Fig. 2.29, for an 
element 2xyx1x1 the pressure loss can be balanced against the 
sheer stress 

2y ap =2 T2. ... (2.132) 

For laminar flow 

T=u... (2.133) 
cry- 

Substituting equation (2.133) into (2.132), rearranging and inte- 
grating from zero to y for the boundary condition of y= bo/2 if v=0, 
results in 

v= ((b)i - Y2) ... (2.134) 

The maximum velocity for y=0 is 
1 (b vomax = 74 

! 
7)2 .:. (2.135) 

The volume flow is defined as 

Vo = 2Ofbo/2 v dy 
... (2.136) 

Substituting equation (2.134) and integrating 

Vo =_.. u 
(-)2 

... (2.137) 

If the ratio of the mean arithmetic velocity Yoar, *as:. defined by equation 
(2.30), over the maximum profile velocity vomax is denoted as 0 i. e. 

0= 
voar 

_ 
vo 

... 
(2.138) 

Vomax 0 Voax 

from equations (2.135) and (2.137) for laminar flow a value of o=0.66 
is obtained. 

The momentum flux 

MO = 2potb/2 v2dy to (2.139) 

and by substitution and integration 
16 1p (r -a 1 °- )2 () 5 ... (2.14o) Mo = 

Similarly, if the ratio of the mean square velocity vosq (as defined by 
equation (2.31) to the maximum velocity Vomax is 
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Fig. 2.29.. DEFINITION SKETCH OF LAMINAR NOZZLE FLOW 
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= 
'os q= M0 
vomax PO Vomax ... (2.141) 

the value for laminar flow can be found by substituting equation 
(2.135), (2.137) and (2.140) to be 'v = 0.8. 

The assumption of uniform initial conditions presupposes that the 
calculated nozzle velocity vo = vomax = Voar = vo q. When non- 
uniform flow, e. g. laminar flow, occurs it is possible to specify only 
one of the above velocities: the remainder will assume divergent 
values. If one of the above velocities is to be specified, the obvious 
choice would be the mean square velocity because, if the initial 
volume flow Vo also remains unaltered, the identity of the initial 
momentum flux of the jet is preserved. Therefore 

and 

Vosq = vo to (2.142) 

VO = vo bo = Voar b0' ... (2.143) 

where bo' is the corrected nozzle width as Voar f vo. Substituting 
from equations (2.138), (2.141) and (2.142) into equation (2.143), 
and rearranging, it can be shown that 

bo' -- bo ... (2.144) 

For pure laminar flow the value of 'v/o = 1.2. The value 'v/' for 
turbulent flow or flow in the transition region will be nozzle Reynolds 
number dependent (w/c =f (Re) ) but will always be less than 1.2. 
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2.5 CONCLUSIONS 

The purpose of Part 2 has been to obtain suitable expressions describ- 
ing the main parameters of both convective currents and replacement 
jets in order to facilitate a theoretical calculation of the initial 
parameters of the replacement jet directly from the convective surface 
parameters. 

Equations describing the main parameters of convective currents were 
obtained and are summarised in Table 2.1. Appropriate expressions for 
replacement jets have also been identified and, where not readily 
available, formulae were deduced theoretically or from existing 
experimental data. In order to maximise the temperature differential 
advantage of the concept of replacement jets, the replacement cross- 
section, i. e. the edge of the original convective surface, should be 
closest to the nozzle. -The-closest position that can be considered 
as practical is Vhere the velocity profile (and temperature profile) 
is fully developed, that is towards the end of the initial region. 
For this reason particular attention has been paid to the behaviour of 
jets in this region. In particular, flow at low Reynolds numbers has 
been studied and an attempt was madeto reconcile-. theoretically the 
apparently conflicting data concerning the coefficient of turbulence, 
the position of the apparent source of the jet and the length of the 
initial region. 

A review of wall jets has shown that for the purposes of calculating 
replacement jets they can be treated as plane free jets of twice the 
nozzle width. The only parameter that is significantly affected by 
the presence of the wall is the length of the initial region. The 
most appropriate formulae for the calculation of jet parameters are 
tabulated in Table 2.2. 

By definition, the replacement jet is non-isothermal, discharged 
vertically and the direction of flow of the jet is coincidental with 
the direction in which buoyancy forces act. Only very limited 
information is available on the influence of Archimedean forces on the 
main jet parameters, probably because of the complex nature of the 
phenomenon. A study based on some simplifying assumptions has shown. 
that for low initial velocities and higher temperature differentials ' 
buoyancy forces could modify the main jet parameters. Formulae for 
the assessment of the effect of buoyancy on replacement jets are 
given in Table 2.3. 

A theoretical calculation of initial replacement jet parameters was 
then attempted. The replacement jet has to influence room air move- 
ments in an identical way as the original convective current and there- 
fore the calculation is based on an identity of momentum flux, 
maximum velocity and mean temperature at the replacement cross-section. 
The expressions for the calculation of initial replacement jet para- 
meters (see Fig. 2.24) are tabulated in Table 2.4. When scale factors 
resulting from the application modelling rules as set out in Part 1 
are applied to typical surfaces generating convective currents (windows 
and radiators), the initial parameters of replacement jets, calculated 
according to the equations in Table 2.4, yield a surprisingly narrow 
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range of parameters. The nozzle Reynolds numbers however indicate 
that the flow in the nozzle will, as a rule, be laminar. A theoretical 
analysis has shown that if the initial momentum flux and volume flow 
of the jet as to be retained, the nozzle width has to be widened. The 
theoretical maximum correction for pure laminar flow was found to be 
plus 20%: in practice the correction should be much smaller. 

To compensate for the effect of buoyancy the initial replacement jet 
parameters would also have to be altered. A discussion, based on cal- 
culations using the approximate formulae in Table 2.3, has shown that 
there are several strategies available if the requirement for invariant 
initial volume flow can be relaxed. In practice, especially with room 
air turbulence present, the non-isothermal jet will not behave strictly 
as predicted by the equations, i. e. not all additional energy resulting 
from the action of Archimedean forces will be transformed solely into 
additional momentum. Some energy may be dissipated in additional 
volume flow and friction on the wall and in the mixing layer and there- 
fore, in many cases, only minimum corrective action may be necessary. 

By definition, room air movements will occur in enclosures having 
surfaces at unequal temperatures. The introduction of external air, 
and the corresponding removal of an equal volume of air, will result 
in even greater levels of room air turbulence. Such turbulence will 
influence the convective stream flowing over the heated or cooled 
surface, and therefore the parameters of the current at the replacement 
cross section, i. e. at the edge of the convective surface, will differ 
from the predicted values. The replacement jet may'also be affected 
but, as H»S, the influence of room air turbulence will not be as 
prominent. To'adjust for the impact of room turbulence the initial 
replacement jet parameters may have to be modified. An analysis of 
the interdependence of the parameters concerned has shown that 
probably the corrected initial velocity will be lower, nozzle width 
greater, volume flow significantly unchanged and the temperature 
differential smaller than the original values calculated for 
uniform room conditions. 

For the impact of room air turbulence, buoyancy and non-uniform 
initial conditions to be fully evaluated empirical factors will be 
required, but, as indicated by the completed analysis, the corrections 
to values of initial replacement jet parameters calculated according 
to formulae on Table 2.4 may only be moderate. 
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TABLE 2.4 Formulae for the calculation of initial replacement jet 
parameters from convective surface parameters. Uniform 
initial conditions, minimum room air turbulence and 
isothermal behaviour of the jet are assumed. 

Original convective surface flow in 
Parameter Laminar re gion Turbulent region Unit 

(Ra<5 x 10 ) (Ra>109). 

Initial velocity 
vo vmax Vmax 

0.108H°. 5 &tw°. 5 
. 

0. lH°"5 &tw°. 5 Ms- 

Nozzle width 

"b 0.433 6 0.178 6 o 0.02130.25ott0.25 0.01960'7 tw°"1 m 

Distance of nozzle from surface edge 0.28 ä 0.4 ä 
i i 

S 0.0014° Ho-, 25ot_0,25 
a 

0.044 H°'7nt_0.1 a m i iw 

Initial temperature 
differential 

nto 0.52 &tw 0.354 itw oc 

Initial volume flow 

Vo 0.433 vmax 6 0.178 Vmax 6 m3s-1 
per m 

0.0023H°"75ot°'25 0.00196 H1.2ot0.4 run 

Momentum flux 

Mo 0.433 V2 a 2 
0.178 vmax a kgms-2 

0.000248H1.25ot 0.75 0.000196H'. 7it 0.9 
w 

per m 
run w 
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NOTATION 

a coefficient of turbulence 

at coefficient of turbulence with buoyancy present 

ai coefficient of turbulence in the initial region 

ail coefficient of turbulence in the initial region 
with buoyancy present 

aM coefficient of turbulence in the main region 

b width of jet 

bo nozzle width 

bo' corrected nozzle width 

BM buoyancy momentum factor 
Ve 

P 
Q 

BQ buoyancy heat flux factor =e 

_ 
Ve 

By buoyancy volume factor =. 
p 

H vertical dimension of convective surface 

K room air turbulence maximum velocity 

factor 
vmaxe 

= vmaxp 

KM room air turbulence momentum factor 
Me 
FF- 

K nozzle width coefficient 
(= 

V+lK H-S 
0 Z-1 0a 

KV room air turbulence volume factor 
Ve 

Et room air turbulence mean temperature K 

factor = 
Ate 
At 

Ký experimental volume factor t= Ve/Vp) 

KM experimental momentum factor 
(= 

e/Mp 

m 

m 

m 

m 
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KQ 
experimental heat flux factor 

(= 
Qe/Qp 

K* experimental mean temperature factor 
(= 

öt / 
nt 

Kp nozzle momentum buoyancy coefficient 
Me 

bov8po . 

Li length of initial region m 

M momentum kgms2 per m run 

Pr Prandtl number 

Q heat content of flow W per m run 

Ra Rayleigh number 

Re Reynolds number 

S distance of nozzle from replacement cross 
section m 

so distance of nozzle from replacement cross 
section when buoyancy is neglected m 

t temperature oc 

At temperature differential °C 

u* characteristic velocity 
(= 

(gß etw x1.5 1 
/ 

ms-1 

v velocity ms-1 

Vm velocity scale, maximum value of jet 
velocity profile ms"1 

v* characteristic velocity ms-1 

V volume flow m3s"1 per m run 

w buoyancy component of velocity ms-1 

x distance in direction of flow m 

x' distance in direction of flow when 
buoyancy is neglected (= x- ox') m 

Ax' additional distance travelled due to 
buoyancy (=x- x') m 

y transverse distance across flow m 

41 
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yb distance from plate where vp = Va m 

Yo. s length scale, value of y where v=0.5vm m 

so correction coefficient for momentum 

width of boundary layer m 

dimensionless distance normal to plate 

(=iGr0.1) x 

d imensionless distance normal to plate 
C /Gr N0.2 5 

_ x 

p density kgm-3 

0 ratio of mean arithmetic velocity to 
vo 

maximum vel ar ocity at the nozzle = 

\ 
vomax 

ratio of mean square velocity to maximum 
vo s '( = velocity at the nozzle Vomax 

x ratio of the mean temperature differential to 
maximum temperature differential at the 

to 
nozzle = C °tmax 

Subscripts 

a denotes experimental values 

L laminar 

m, max maximum values of flow profile 

o with respect to nozzle conditions 

p denotes predicted values 

T turbulent 

w with respect to surface generating convective current 
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Supers cri pts 

-- mean value 

' corrected value, with respect to buoyancy 

" relates to core values 

* with respect to direct measurements 

A* 
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PART 3 REPLACEMENT OF NATURAL CONVECTIVE CURRENTS BY WALL JETS - EXPERIMENTAL 0 RESULTS AND OBSERVATIONS 

3.1 INTRODUCTION 

A new approach to the modelling of room air movements was proposed in 
Part 1. The method permits the maximum geometric scale factor to be 
increased whilst the maximum working temperature in the model is 
limited to acceptable values. The novel ingredient in the proposed 
method is the replacement of the natural convective currents generated 
by hot or cold surfaces in full size systems by wall jets in the model. 
In Part 2a method by which initial replacement jet parameters can be 
calculated directly from know convective surface parameters has been 
evolved. A review of convective currents and jets has shown that there 
are areas where experimental data are not readily available and which 
would warrant investigation. 

The basic premise of the new approach to modelling of room air movements 
is that the replacement jet should influence room air movements in the 
same manner as the original convective current. To be in a position to 
define the initial parameters of the replacement jet, it is essential 
to be able to predict the convective current parameters at the edge of 
the heated or cooled surface. Most observations of convective currents 
were made under ideal laboratory conditions 123. Only a limited number 
of observations of specific applications, such as convective flows from 
radiators and windows, have been made under less ideal conditions with 
random laboratory air movements present4. Air movements, by definition, 
will always occur in rooms with surfaces at unequal temperatures and 
will be augmented by the introduction of external air, whether by 
mechanical means or by natural infiltration and ventilation. To 
ascertain the effects of room air turbulence on convective currents 
under typical conditions it is proposed to investigate convective 
flows in a test room. 

Once it is possible to predict the convective current parameters to a 
sufficient degree of accuracy, the replacement jet parameters can be 
calculated according to the expression -deduced, -in Part 2. To 
validate the theoretically deduced expressions, and any semi-empirical 
factors that may be necessary, a controlled experiment has to be 
conducted. The main concern is to conduct the test comparing both 
natural convection and the replacement wall jet under the same 
conditions as closely as possible. Because of this requirement, a 
balance has to be maintained between the desire to conduct the 
experiment in natural room turbulent conditions and the need for a 
"standard" environment that would guarantee the repeatibility and 
comparability of the tests. 

It is therefore proposed to conduct two separate experiments. In the 
first the behaviour of convective currents under naturally turbulent 
room conditions will be examined to ascertain any need for modification 
of the theoretically deduced expressions in Part 2. In the second 
experiment a purpose built test rig enabling a direct comparison of the 
original convective current and the replacement jet to be made without 
undue concern for the absolute value of-any of the intervening factors 
will be used. 
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3.2 EFFECT OF ROOM AIR TURBULENCE ON CONVECTIVE CURRENTS 

The effects of room air turbulence, generated by a simulated heated 
external wall and the compensating cooling air, on a convective current 
over the surface of a window were studied in a test room. 

3.2.1. Test facility 

For the experiments a test room representing a typical office located 
in an office block having one external wall was used. The room was 
4.9 mx3.7 mx2.75 m high. A plan view is shown in Fig. 3.1. 

In the end wall representing an external wall, a plate-glass window 
2.7 m wide x 1.5 m high was fitted. Outside this wall an insulated 
compartment accommodated heating or cooling appliances by which the 
simulated external air temperature could be varied. The test room was 
enclosed on another two of its sides by a 1.2 m wide enclosed corridor 
and the floow of the whole structure was suspended 300 mm above the 
laboratory floor level. The ceiling and the remaining wall of the test 
room were thermally insulated with expanded polystyrene sheets. 

Associated with the test room was an air recirculation and conditioning 
system. The system included a centrifugal fan, a direct expansion cooling 
coil connected to refrigeration unit, and an electric heater battery. 
Regulation of air flow from the fan was achieved with a by-pass system. 
After the cooling battery the air divided, so that a proportion returned 
to the fan inlet and the remainder was supplied to the room. From the 
heater battery the main supply was ducted below the floor and across 
the diagonal of the room and in this straight section a venturi-type 
flowmeter, constructed in accordance with BS 1042, was located. The 
supply system was terminated by a length of flexible ducting connected 
to the supply opening into the room. A return air aperture was perm- 
anently located just above floor level in the centre of the internal 
end wall. The air recirculation system also included a vent, located 
in the by-pass circuit, to ensure that the room remained at or only 
slightly above atmospheric pressure. 

Since an on-off thermostat control of the refrigeration system would not 
give a sufficiently close control of the temperature of the supply 'air 
to the room, the refrigeration system was operated continuously and 
the supply air was reheated to the required temperature by means of the 
heater battery, the output of which was much more finely controlled. 
With this arrangement control of the supply air temperature over the 
range of 100C to 400C to within - 0.25°C was found possible. 

Fan heaters located in the insulating compartment were used to provide 
a heat load through the external wall of the test room. 

3.2.2. Instrumentation 

The temperatures of the internal surfaces of the room were measured by 
thermocouples and displayed on a multi-channel chart recorder for 
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monitoring purposes., Other temperatures similarly recorded included 
the cooling coil ' air-temperatures, the room air discharge temper- 
ature and laboratory ambient temperature. 

An inclined manometer was used in association with the venturi-meter 
for the measurement of the supply air flow. Air temperatures and speeds 
within the room were measured by means of thermocouples and anemometers 
mounted in vertical alignment on a supporting trolley. This in turn was 
supported on a traversing frame work which enabled manual adjustment of 
the position of the instruments throughout the room. This positional 
adjustment was made by means of a pulley system operated from outside the test room. The 'supporting and traversing arrangement is shown on 
Fig. 3.2. 

The thermocouples were of the chromel-constäntan type and the anemometers 
were heated-thermocouple units. 

The operating principle of the heated-thermocouple anemometer is based 
on the generation of a constant rate of heat at one junction of a thermo- 
couple while the other junction remains at the temperature of the air 
stream. With both the heated and unheated junctions exposed to an air 
stream, the difference in the temperatures at the junctions generates 
an e. m. f. The temperature at the heated junction varies with air speed 
due to variation in convective heat loss and by suitable interpretation 
and proper calibration, the generated e. m. f. serves as a measure of the 
air speed. 

Fig. 3.3 illustrates the constructional details of the anemometer. The 
sensing head consists of a manganin-constantan thermocouple with 3.2 mm 
diameter phosphor-junction and bonded in position. Wound around one of 
the spheres is a length of 42 S. W. G. manganin wire which, supplied with 
a constant current, acts as a heater element. Manganin was used because 
of its very low temperature coefficient of resistance. The sensing head 
assembly is supported by a manganin wire frame which also conducts the 
e. m. f. signal from the thermocouple. 

While it is the convective heat loss from the heated sphere that is 
related to air speed, heat loss will also take place by conduction and 
radiation. To minimise these other losses, relatively long wires of 
small cross-sectional area have been used in the connection to the heated 
sphere which was designed to operate at a temperature only some 170C 
Above the unheated junction. 

These instruments, six thermocouples and eleven anemometers, were 
connected to a data logger, thus enabling sequential scanning of the 
milli-volt signal from each instrument and the recording of the data 
on punched tape. 

3.2.3 Test procedure 

The test condition required the window surface temperature to be 200C 
higher than the ambient room temperature, i. e. etw = tw - to = 200C. 
This was accomplished by heating the insulated compartment, see Fig. 3.1 
with electric convectors and by supplying cooling air to the test room. 
To ensure even window surface temperatures, the air inside the insulated 
compartment was circulated by auxiliary fans. To achieve an even window 
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surface temperature the surface and ambient air temperatures were 
constantly monitored; the maximum deviation recorded during the test 
was 0.4oC. After the test conditions had been established they were 
maintained for a stabilisation period of at least two hours prior to 
the commencement of measurements. 

The vertical section through the testroom and the jnsulated compartment, 
see Fig. 3.4., shows the height at Which the velocity profile of the 
convective current was measured in detail, i. e. at a height of 1.379 m 
from the bottom of the window (which corresponds to position-10 on the 
measuring pole). 

3.2.4. Results and observations 

The velocity profile of a convective current influenced by the presence 
of room turbulence was measured at a height of 1379 mm from the bottom 
of a surface (window) at a temperature 200C higher than the ambient, 
i. e. atw = 200C. A flow Rayleigh number of Ra =5x 109 suggests that 
the flow could be in the turbulent region. The observed velocity profile 
is shown in Fig. 3.5. Also plotted in the graph is the theoretical 
velocity profile calculated according to (see also equation 2.20 in 
Part 2). 

v= v* 
(6l7 (1 -ä )'+ 

.... (3.1) 

where v* can be expressed as (see-Table 2.1, Part 2). 

v* = 0.187 x 0.5 M 0.5 ... (3.2) 

The vertical dimension was x=1.379 m and the temperature differential 
otw = 200C. 

The graph is Fig. 3.5 shows that the measured maximum velocity is prob- 
ably somewhat lower than predicted. It is unfortunate that because of 
the physical size of the anemometer sensing head, that velocities at points 
closer to the surface could not be measured. Observations reported by 
Billington4 also indicate that random air movements in the laboratory 
interfered with the development of the boundary layer flow over a hot 
surface and probably prevented the theoretical maximum velocity being 
reached. The boundary layer thickness cannot be defined by the 
condition v=0. Good agreement with the predicted value of a-0.102 m 
(calculated according to equation 2.26, Part 2) is reached when the 
boundary layer thickness is re-defined by v=v=0.125 m/s, i. e. 
when the convective flow velocity is equal to the mean ambient 
velocity in the room. 

In general, relatively good agreement exists between the predicted 
and measured velocities for the inner part, or the "core" of the 
convective current. The "core" can approximately be defined by a 
distance from the heated surface yb where the predicted velocity is 
equal to the mean ambient velocity v t, The outer part of the measured 
velocity profile, where intensive entrainment ensues, is characterised 
by higher than predicted velocities, the difference being approximately 
equal to the value of Va. The measured volume flow was found-to be 
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Ve = 0.0224 m3/s per m run and the momentum flux Me = 0.00683 p kgm/s2. 
The corresponding predicted values, as calculated from expressions in 
Table 2.1, are Vp = 0.0142 m3/s and M=0.00522 p kgm/s2. The 
measured volume flow, as expected, shgws a greater divergence from the 
predicted value (K*v = Ve/Vp = 1.58) than momentum flux (KM - Me/Mp = 
1.31). In contrast with the high values of K* and KM, the maximum 
velocity factor shows the opposite trend, K= vmaxe/ vmaxp = 0.82. 

3.2.5. Discussion 

The discrepancy between predicted and measured values can be ascribed to 
two factors. The first, obvious, factor is the influence of room air 
turbulence on the convective current. The second is in the interpretation 
of the meaning of the measured values. Tacitly, it had been assumed 
that, because of the thermal inertia of the velocity sensor, the 
measured velocity represented the time average velocity of a turbulent 
flow parallel with the plate. This is probably not so, especially 
in the outer part of the velocity profile. For example the ambient 
air velocity reading cannot be interpreted as signifying that the mass 
of ambient air is moving parallel to the plate. The reading is the 
result of random air movements in all three dimensions. 

More recent studies of the structure of turbulent sheer flowss have 
shown that the mean flow is controlled by large, organised structures, - 
coherent eddies - which are not affected by small scale turbulence at 
even higher values of Reynolds number. These vortices move at nearly 
constant speed, which is approximately the average of the velocities 
of the two streams surrounding the mixing layer. There is evidence6 
that interface convolutions on pictures of wakes are the outer edges 
of large vortices and it is these spinning-vortices that ingest the 
non-turbulent fluid into the wake. Similarly, the entrainment process 
associated with convective currents could also be the result of an 
engulfing action of large coherent vortices. The ambient air is drawn 
in between vortices and ingested into the convective current where it 
is made turbulent and digested by the action of the smaller eddies. 
If the above theory is accepted, the velocity measurements in the 
outer part of a convective current made by an omni-directional time 
average sensor cannot be treated as time average values of a flow 
parallel with the convective surface. The reading would be a time 
average of the movement of the fluid surrounding the'sensor in all three 
dimensions as there is evidences that the breakdown of vortices in 
mixing layers where the velocity of one layer is zero is three dimen- 
sional. Room air turbulence in the outer part of a convective current 
will, without doubt, also influence the reading of the velocity sensor. 

Without resort to a complex, time consuming and costly study, which 
would be outside the direct scope of this project, it is not possible 
to analyse the phenomenon in great detail. The aim of the following 
discussion is limited to ascertaining the influence of room turbulence 
on convective current parameters at the edge of a heated or cooled 
surface so that any variation can be taken into account when replace- 
ment jet parameters are calculated. What is most important is the 
influence a convective current, or the replacement jet, will have on 
the general, or "macro", room air movement. Whereas it is the "core" 
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of: ' the current that will influence the "macro" room air movement, the 
influence of the outer part, where primary ingestion of the ambient 
fluid takes place, will only be local. It is therefore desirable to 
define the two parts of a convective current, if only approximately, 
and ascribe a more appropriate value to the velocity measurement in the 
outer part. 

In the previous chapter, based on the fit of measurement to predicted 
velocities in Fig. 3.5, the "core'! was defined by a distance from the 
plate Yb where the predicted velocity is equal to the mean ambient 
velocity va. Fig. 3.5 also shows that in the outer part the difference 
between the measured and predicted velocity profile is approximately equal 
to the ambient velocity va. The two above statements can be combined 
into a new definition of the boundary between the "core" and the outer 
region (see Fig. 3.6) -a distance from the convective surface Yb where 
the measured velocity is equal to twice the mean ambient velocity. 

Such a criterion, if applied to the experimental data shown in Fig. 1.5, 
would result in the "core" being approximately half the boundary layer 
width. This would seem reasonable as it has been shown5 that non- 
turbulent fluid penetrates deep within the mixing region, depending on 
flow conditions, even over half the distance. Recalculating the basic 
parameters for the "core", results in Kv = 0.88 and KA = 0.89. If it 
is the "macro" impact that is considered important, the "core" values 
are sufficiently close to theoretical values as to require; as a first 
approximation, no corrective action to be taken. 

In Fig. 3.7 the present data and the experimental results of Cheesewright3 
and Griffiths and Davisi are plotted in dimensionless co-ordinates. Also 
shown is the theoretical velocity profile calculated according to 
equation (3.1) for the measured temperature differentials. The shape of 
the velocity profile obtained under turbulent room conditions compares 
well with the previous laboratory results, but the profile is displaced 
along the vertical axis by a value approximately equal to the ambient 
velocity. The discrepancy in the outer part of the velocity profile 
can be ascribed to the effects of room air turbulence and to the doubts 
in the interpretation of the measured velocities. 

The discrepancy in the inner part of the velocity profile may be due to 
the difference in Rayleigh numbers. The Rayleigh numbers of the Cheese- 
wright experiments were high (Ra = 2.2 - 6.2 x 1010) and therefore the 
flow was certainly in the fully developed turbulent region: whereas 
the Rayleigh number of the present experimental data (Ra =5x 109) is 
close to values associated with flow in the transitional region. For 
comparison, the present data and the experimental results of Schmidt 
and Beckmann2 for the large plate (height 0.5 m) are plotted in Fig. 3.8. 
In the Schmidt and Beckmann experiment, the flow was laminar; the 
maximum Rayleigh number being Ra = 2.3 x 108. Also plotted in Fig. 3.8 
are the theoretical predictions of Ostrach7 for laminar flow at 
Pr = 0.72 and the velocity profile according to equation (3.1). The 
present measurements agree with those of Schmidt and Beckamnn (and also 
with the theoretical predictions of Ostrach)up to a value of n=2.5, 
but in the outer part the agreement between laminar experimental 
results and theoretical predictions and the present data is, as 
expected, poor because of the marked difference in laminar and turbulent 
boundary layer width. 
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The above comparisons confirm 
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3.3 REPLACEMENT OF CONVECTIVE CURRENTS BY WALL JETS 

The purpose of thisseries of experiments is to validate theoretical 
expressions for the calculation of replacement jets (as proposed in 
Part 2) by directly replacing convective currents by wall jets under 
as near as possible identical ambient conditions. In order to achieve 
direct compatability of the two phenomena, a purpose built rig was 
designed and built. 

3.3.1. Experimental Facility 

The experimental rig was designed specifically to ensure that both the 
convective current and the replacement wall jet were measured by the 
same instrumentation, in the same positions and, as far as possible, 
under identical ambient conditions. The rig was therefore designed 
to facilitate an exchange of the heated surface for a vertical plane 
(board) over which the replacement jet could be tested. For reasons of 
economy, it was decided to use a heated surface instead of a cooled 
surface to generate the convective current. A requirement that one 
person should be able to operate the rig as well as financial limit- 
ations were factors that influenced the design of the rig. 

As the rig was situated in an open laboratory, an. effort was made to 
protect the test area from any excessive air movement. The photograph 
in Fig. 3.9 is an overall view of the test rig. The heated surface 
consisted of four electric panel heaters (0.56 x 0.39 m) mounted on a 
metal frame. The heated surface height and position were chosen to 
represent a window in a typical office, similar in dimensions to a 
vertical section through the test room (Fig. 3.4). The area above and 
below was covered by flush mounted boards and the ceiling was extended 
0.3 m from the surface. The side screens were transparent (being 
constructed of Perspex) to enable close observation and the photographic 
probe was mounted on a sturdy traversing rig, see Fig. 3.10, that enabled 
movement along both axes and an adjustment of angle. 

The temperature of each panel (maximum output 330W) was controlled 
individually by variable auto transformers. The surface was tested for 
uniformity of temperature, which was eventually achieved by the applic- 
ation of insulation to the back of the panels. A schematic arrangement 
of the rig is shown in Fig. 3.11. The surface temperature was sensed 
by surface mounted thermojunctions and continuously monitored by a 
multi-channel chart recorder. The air temperature and velocity readings 
were monitored on a digital vottmeter. 

When replacement jets were studied, the heating panels were replaced by 
a board and provision was made for heated air from an adustable width 
slot, moveable in the vertical direction, to be discharged vertically 
upwards over the board, as illustrated in Fig. 3.12. An overall sche- 
matic arrangement is shown in Fig. 3.13. Pressurised air from a 
centrifugal fan was discharged into a plenum box divided by a screen. 
Coarse volume control was achieved by opening a bleed valve on top of 
the plenum box; fine adjustment was by means of a three-way valve as 
shown in Fig. 3.14. This arrangement guaranteed the elimination of 
pulsations in the flow by allowing the fan to operate in a stable region 
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Fig. 3.9. VIEW OF CONVECTIVE CURRENT AND REPLACEMENT 

JET EXPERIMENTAL RIG 
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Fig. 3.10. VIEW OF TRAVERSING RIG AND HEATED PANELS 
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Fig. 3.12. VIEW OF REPLACEMENT WALL JET EXPERIMENTAL 

ARRANGEMENT 
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Fig. 3.14. VIEW OF VOLUME CONTROL ARRANGEMENT 
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in all circumstances. The volume flow was measured by one of two 
rotameters. after it had been heated by a 1.5 kW electric heating 
element. The output of the heating element was adjusted by a variable 
auto-transformer. The heated air was introduced into a plenum from 
which it was finally discharged through the variable width slot. 
Fig. 3'. 15 shows that-the heating plenum, rotameters, slot plenum and 
connecting flexible ducting were all well insulated. On the basis of 
experience gained during the commissioning of the rig, the back of the 
board was subsequently also well insulated. 

The air velocity and temperature readingswere monitored with a digital 
voltmeter. The multi-channel chart recorder was used to monitor 
continuously the ambient, slot plenum and two duct temperatures. An 
independent instrument was used to check the slot plenum temperature. 

3.3.2. Instrumentation 

After careful consideration, a specification for the temperature and 
velocity measuring sensor was decided. 

The main requirements were: - 

- an ability to measure, as far as possible, temperature 
and velocity in one location and at the same time. 

- the signal from the probe to be capable of being 
monitored aa digital voltmeter. (The instrument 
would therefore have to have an inherent time 
constant sufficient for the reading to represent a 
time average value). 

- the ability to measure within 1.5 mm of the heated 
surface. (This distance was considered to be 
sufficiently close to the surface to discern the 
maximum of the velocity profile) 

- velocity range of zero to 1.2 m/s. 

As the heated-thermocouple anemometer described in chapter 3.2.2 
evidently did not fulfil the above requirements (and a survey revealed 
no suitable alternative instrument)-it was decided to design a new 
sensor. 

The probe is a combined heated coil anemometer and temperature measuring 
thermocouple. A schematic arrangement is shown in Fig. 3.16 and a 
photograph in Fig. 3.17. The frame and general layout were designed to 
facilitate an unhindered approach to the heated surface. In principle, 
the probe consists of two copper-constantan junctions A and B, one of 
which is heated by a tightly wound coil of 42 S. W. G. manganin wire. 
(rhe choice of manganin wire ensures minimum inaccuracy due to a change 
of resistance with temperatures. ) The probe combines two thermocouple 
circuits in a simple arrangement. The first circuit has junctions at 
A (see Fig. 3.16) and at C which is the constant temperature cold 
junction. The temperature difference between A and C generates an 
e. m. f. that enables the air temperature at A to be calculated. The 
second circuit has junctions at A and B, Junction B being heated at a 
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Fig. 3.15. REAR VIEW OF REPLACEMENT WALL JET 

EXPERIMENTAL RIG 
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Fig. 3.17. VIEW OF COMBINED VELOCITY AND TEMPERATURE 

PROBE 
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constant rate by the heating coil, With both junctions A and B being 
exposed to the same ambient temperature, any variation in the generated 
e. m. f. can only be ascribed to a change in the ambient air speed. By 
careful calibration, the generated e. m. f. can be interpreted in terms 
of local air speed. If, for the given temperature range, the resist- 
ence of the manganin wire can be assumed to be independent of the 
ambient temperature, the condition of constant heat supply at junction 
B can be satisfied if the electrical current passing through the heat- 
ing coil remains invariant. ' For this purpose a constant current source was 
provided. As a further check, the voltage across a calibrated 10 n 
resistance was measured by a digital voltmeter, thus ensuring a high 
degree of accuracy of heating coil current measurement. The measuring 
equipment can be seen in Fig. 3.18. 

The probe was calibrated for both temperatures and velocity. Extensive 
tests were conducted to ascertain the influence of heat radiation and 
conduction from junction B on junction A and on the sensitivity of 
temperature and velocity measurements to radiation from the heated 
surface. Because of its design and the small cross sectional area of 
the wires used in its construction, the probe was found to be insensi- 
tive to these effects. 

The ambient air temperature was measured with a thermocouple and the 
signal monitored by a digital voltmeter. Readings from thermo-juctions 
attached to. the surface of the heated panels were continuously monitored 
on a multi-channel chart recorder. ' When the rig was used to study 
replacement jets, thermocouples connected to the multi-channel chart 
recorder were used to monitor continuously the temperature differential 
between the air temperature in the slot plenum and the ambient air 
temperature, and two duct temperatures. 

3.3.3. Test procedure 

The experimental facility was used for two series of tests. In the 
first series the velocity and temperature profiles of convective 
currents of a heated plate were measured. In the second series wall 
jets replacing the convective currents were investigated. 

Throughout the tests care was taken to conduct the experiments under 
favourable conditions. The experiments were carried out after normal 
working hours in order to minimise any disturbing factors (other test 
rigs, open doors, convective currents due to solar radiation, ambient 
temperature fluctuations etc. ) The need to conduct the experiments 
outside normal working hours was one of the main reasons for the 
requirement that one person should suffice to operate the rig. 

In both series of tests the rig was switched on several hours before 
measurements were taken to ensure that steady state conditions had 
been attained. During this period frequent checks were made of the 
temperatures on the multi-channel chart recorder and, if necessary, 
fine adjustments were made. 

Convective tests 

In this series of tests the temperature and velocity profiles of con- 
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Fig. 3.18. THE INSTRUMENTATION 
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vective currents generated by the heated surface were measured. Tests 
were carried out for three nominal values of etw, the temperature 
differential between the surface temperature of the heated panels and 
the ambient air temperature, namely 10,30 and 500 C. Measurements, 
see Fig. 3.19, were taken at five locations spaced along the height 
of the heated surface. At least two good experiments conducted 
independently per nominal dtw were required. 

The measured velocity and temperature data was punched on paper tape 
for further processing. Printouts of the data can be seen in Appendix 
A, The data were then processed by a specially written computer program. 
For each nominal temperature differential ntw the program corrected the 
velocity and temperature measurements for any minor deviation from the 
nominal otw, calculated the mean of the two experiments and computed 
the volume . 

flow, momentum flux, heat content and mean temperature 
'differential of both experiments and of their mean. The program also 
calculated the theoretical values for the nominal etw (for the maximum 
velocity, boundary layer thickness,. Grashof number, mean Nusselt number, 
velocity and temperature profiles, volume flow, momentum flux, heat 
content and mean temperature differential) and compared these values, 
in absolute and percentage terms, with the experimental results. 
Depending on-the Grashof number, the program compared the results with 
either laminar or turbulent theoretical predictions. If the flow was 
in the transitional region, both comparisons were made. A graphic display 
of the velocity and temperature profiles, measured and predicted, was 
also produced. Printouts for nominal temperature differentials of 10, 
30 and 500C are shown in Appendix B. 

Replacement jets 

After a board and a variable width slot (as described in 3.3.1. ) had been 
substituted for the heated panels, replacement jet tests were carried 
out. The purpose of this series of tests was to decide experimentally 
whether replacement jets for the previously measured convective 
currents could be found. 

Initially, the replacement jet parameters were calculated according to 
the theoretically deduced formulae in Table 2.4, Part 2, and are listed 
in Table 3.1. Relevant parameters of the replacement jet and the 
original heated surface as shown in Fig. 3.20. 
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Fig. 3.19. VERTICAL LOCATION OF VELOCITY AND TEMPERATURE 
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TABLE 3.1 Calculated replacement jet parameters for H=1.55 m 
and otw = 10,30 and 50°C. 

Parameter values for nominal temperature 
differentials ntw of the replaced 
convective surface (Rayleigh number of 
convective flow in brackets) 

etw 10°C 30°C 50°C 

Replacement 
jet parameters . Ra 3.5 x 109 9.1 x 109 1.3 x 1010 

vo (m/s) 0.394 0.682 0.88 

bo (m) 0.021 0.0189 0.018 

Reo = 
b0 v0 
VO 

550 806 943 

ai 0.06 0.06 0.06 

S (m) 0.79 0.71 0.674 

oto (°C) 3.5 10.6 17.7 

Vo (m3/s per m run) 0. Ö074 0.0136 0.0166 

Mo (kgm/s2 per m run) 0.0029 0.0093 0.0146 
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The low nozzle Reynolds numbers indicate that the flow in the nozzle 
will be laminar. From Fig. 2.18, Part 2, for Reynolds numbers between 
500 and 1000 the coefficient of turbulence has a value of ai = 0.07. 
When the influence of buoyancy forces is taken into account (Chapter 
2.3.2, Part 2, using an estimated value of Ax/x = 0.16 in equation 
2.101) the value of the modified coefficient of turbulence, ai = 0.06 
used in Table 3.1 is obtained. At this stage no correction for laminar 
nozzle flow and other effects of buoyancy was attempted. 

In a series of tests individual nozzle parameters (vo, bo, eto and S) 
were varied, in order to obtain a best fit to the convection current 
values at x=H=1.55 m. Six experimental results, see Table 3.2, 
were then selected for detailed analysis. 

TABLE 3.2 Selected experiments for the comparison of convective 
and replacement jet parameters. 

Experiment Nominal 
At (C) 

Nozzle parameters 
W (H = 1.55 m) vomax(m/s) bo(m) . S(m) ntw (°C) 

50/1 50 0.59 0.01945 0.684 24.3 

50/2 50 0.59 0.0182 0.684 34.8 

50/3 50 0.59 0.0182 0.684 31.0 

30/1 30 0.49 0.0185 0.712 15.9 

30/2 30 0.49 0.01984 0.712 14.8 

10/1 10 0.36 0.0213 0.805 15.27 

Velocity and temperature readings were punched on paper tape for 
subsequent computer analysis. Printouts of the data are given in 
Appendix C. The data from the selected experiments were then processed 
by a second computer program. The program, after correcting for 
temperature-deviation, listed and compared the theoretical and experi- 
mental convective values and the respective replacement jet results 
(velocity and temperature profiles and volume flow, momentum flux, heat 
content and mean temperature difference in absolute and percentage terms). 
A graphic comparison of the convective and replacement jet velocity and 
temperature profiles was also provided. Printouts for the selected 
experiments are given in Appendix D. 

In order to evaluate the extent of non-uniform initial flow, nozzle 
velocity and temperature profiles were measured. The data were processed 
manually. Flow visualisation (by smoke) was used to gain an insight 
into the structure of the outer part of the jet. A photograph in 
Fig. 3.21 shows a flow visualisation test in progress. 
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Fig. 3.21. VIEW OF REPLACEMENT WALL JET FLOW 

VISUALISATION TEST 
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3.3.4 Results and observations 

-As had been mentioned, the main purpose of obtaining measurements of 
convective currents of a heated plate was to provide a datum for the 
evaluation of the replacement jet results. 

The mean values of velocity profile measurements of convective streams 
leaving the heated plate (H = 1.55 m) for three nominal temperature 
differentials otw = 10,30 and 500C are plotted in Fig. 3.22. Also 
shown in the graph are the theoretically calculated boundary layer 
widths. The experimental data are in good agreement with predicted 
turbulent boundary layer widths if the width of the boundary layer is 
defined by v= va instead of v=0. The corresponding temperature 
profile measurements are plotted in Fig. 3.23. 

The main parameters that characterise a convective stream (and its 
influence on room air movements) as tabulated in Table 3.3, as are 
the theoretically predicted values (Table 2.1, Part 2) for flow in the 
turbulent region. The discrepancy between the predicted and measured 
maximum profile velocity can be attributed mainly to the presence of 
room air turbulence. The percentage values (91,72,67) indicate that 
the influence of room air movements increase with temperature difference. 
The same trend, i. e. a fall in percentage values with temperature 
difference atw, is also valid for all of the remaining parameters 
(V, M, Q.. otw). The high percentage values, significantly over 100%, of 
volume flow V and momentum flux M can, as has been discussed in Chapter 
3.2.5, be attributed to the difficulties in the interpretation of 
velocity-readings in the outer part of the boundary layer. 

The Rayleigh number in Table 3.1 for ntw = 10°C (Ra = 3.5 x 109) is 
sufficiently close to values associated with the transitional region to 
warrant a comparison of the experimental values with predictions based 
on expressions for laminar flow; the relevant values are tabulated in 
Table 3.4. The predicted laminar flow values are compared with two sets 
of experimental values. The sets are the result of integration of the 
velocity and where appropriate, temperature profiles up to a distance 
from the heated plate equal to the theoretical width of the laminar or 
turbulent boundary layer respectively, i. e. y= dL and y ='öT. As 
sL = 0.26 dT (see Fig. 3.22), a significant discrepancy between the two 
sets of values for y= dL and y OST indicates that the flow is turbulent. 

The velocity and temperature profile measurements of the replacement jet 
experiments listed in Table 3.2 are shown in Fig. 3.24 to Fig. 3.29. 
Also shown in the graphs are the mean values of velocity and temperature 
profile measurements of the replaced convection streams leaving the 
heated plate. There is goodagreement between jet and convective velocity 
profiles apart from the region closest to the surface (y < 10 mm). The 
maximum of the convective profile occurs nearer to the surface than that 
of the replacement wall jet. As expected, agreement of temperature 
profiles is not possible for a region close to the surface, but for 
y> 20 mm a measure of agreement is reached. 

In Table 3.5 the main parameters of convective streams and replacement 
wall jets are compared. The maximum velocities, throughout, are identical 
and are also equal (see Table 3.2) to the maximum nozzle velocities. - 
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TABLE 3.3 Comparison of experimental and predicted values of convective 
current parameters for H=1.55 m and etw = 10,30 and 500C. 
Theoretical prediction for flow in the turbulent region. 

Theoretical Mean values of 
Parameter prediction experimental results 

(turbulent flow) 

ntw (OC) 10 30 50 10 30 50 

Maximum velocity, Vma 

- -- - 
0_394_ 
----- 

0.682 
_ ---- 

0.88___ 
---- _0.36 --- - - 

0.49___. 
- . 

0.59 
----- --- 

% predicted 100 100 100 91 72 67 

Volume flow, V 
Im3[s_eer m_run1_____ 0.0125- 

------ 
0.0194_ 
------ _0.0238_ ------ . 

0.0195_ 
------ . 

0.0274. 
------ 

0.0297 
--------- 

% predicted 100 100 100 156 141 125 

Momentum flux, M 
(kgm/s2 per m run) 
--------------------- 

0.00402 
------- 

0.0107 
------ 

0.0166 
------- 

0.00498 
------- 

0.0106 
------- 

0.0128 
---------- 

% predicted "100 100 "100 " 124 99 77 

Heat content, Q 
(W per m run) 
------------- 

35.6 
----- 

162.7 
------ 

336.2 
------ 

47.6 
------- 

192.1 
------- 

276.9 
---------- 

% predicted 100 100 100 134 118 82 

Mean temperature 
differential, nt (°C) 
--------------------- 

2.4 
------- 

7.1 
------ 

11.8 
------ 

2.0 
------- 

5.9 
------ 

7.8 
--------- 

% predicted 100 100 100 86 83 66 
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TABLE 3.4 Comparison of experimental and predicted values of 
convective current parameters for H=1.55 and otw = 10°C. 
Theoretical prediction for flow in the laminar region. 

Theoretical Mean value of 
Parameter prediction experimental results fo 

(laminar flow) y= dL y= dT 

Atw (°C) 10 10 10 

Maximum velocity, vmax 
(m/s) 0.425 0.36 0.36 

-------------------------- 
% predicted 

----------------- 100 ---------- 85 ------------- 85 

Volume flow, V 
(m3/s per m run) 0.0074 0.00935 0.0195 

-------------- - 
% 

predicted ------------------ 
100 

----------- 126 
-- ------------ 

209 

Momentum flux, M 
(kgm/s2 pQr m run) 

---------------- - --- 
0.00289 

------------------ 
0.00344 

---------- 
0.00498 

------------- ----- - 
% predicted 100 119 172 

Heat content, Q 
(W per m run) 

-------------------- 
3.55 

------------------ 
43.4 

--------- -- 
47.6 

------------- ------ % predicted 100 122 134 

Mean temperature 
differential, 3 (°C) 
----- m -------- - 

4.0 
---------------- mm 

3.9 
-- ---- 

2.0 
---------- 

% predicted 
t 

100 97 50 
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Good agreement is obtained for volume flow and momentum flux but, due to 
the inherent difference in the temperature profiles, a moderately worse 
correlation is obtained for the heat contents and mean temperature 
differentials of the flows. Better agreement for temperature related 
parameters is obtained when replacing convective flows having higher 
temperature differentials between the heated plate and the ambient air. 
(i. e. better agreement for otw = 500C than for otw = 10°C). 

Due to the low nozzle Reynolds numbers (see Table 3.1), non-uniform 
initial conditions were expected and experienced. The initial velocity 
and temperature profiles of Experiment 50/2 are given in Fig. 3.30 and 
Fig. 3.31. The measurements were taken at a distance of 2 mm from the 
outlet. The velocity profile shows a similarity with theoretical laminar 
flow between two parallel walls (see Chapter 2.4.2).. The ratio of the 
initial mean arithmetic velocity to the maximum initial velocity 
(equation (2.138) ), for this experiment, has a value of (D = 0.. 675 as 
compared to the theoretical value for laminar flow between two parallel 
walls of o=0.66. The ratio of initial mean square velocity to maximum 
initial velocity (equation (2.141) ) is 'V = 0.75 as opposed to the 
theoretical value of 'V = 0.8. 

Fig. 3.31 shows that at a distance of only 2 mm from the outlet sufficient 
mixing must have occured for higher than ambient temperatures to be 
recorded at distances significantly greater than the nozzle width. 
Notwithstanding, the asymmetry of the temperature is mainly caused by a 
convective loss to the parallel plates forming the nozzle. The magnitude 
of the loss is given by the ratio of the mean initial temperature 
difference to the maximum temperature difference 

_ö Amax ... (3.3) 

which, for Experiment 50/2, has a value of X=0.915. The values of 
4ý, ' and x for the whole range of experiments were near identical. 

3.3.5. Discussion 

The dicussion of the laboratory test rig results can be conveniently. 
divided into three sections. In the first two, the convective current 
measurements and the wall jet results are discussed separately. In the 
third section the actual replacement of convective streams by wall jets 
is discussed. 

Convective tests 

In Chapter 3.2.1 the effects of room air turbulence generated by a supply 
of cool air into the test room on a convective current were investigated. 
The main purpose of this series of tests, as mentioned before, is to 
study the replacement of convective streams by wall jets in natural, yet 
reproducable, ambient conditions. In the environment chosen for the tests 
the ambient air speed, on the average, was only half the test room value 
(0.06 m/s instead of-0.125 m/s). 
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In order to compare the test room and open laboratory experiments and 
evaluate the effect of a change in the level of room air turbulence 
on convective streams, the results have been plotted in dimensionless 
co-ordinates in Fig. 3.32. For comparison, a fitted profile to the 
Cheesewright3 and Griffiths and Davisl results and the theoretical 
profile are. also shown. The present turbulent room results do not fit 
as neatly on a common curve as do the controlled experiments of 
Cheesewright and Griffiths and Davis. The discrepancy in the results 
in the outer part of the boundary layer could be accounted for by the 
combination of the effect of room air turbulence and by the difficulty 
in the interpretation of the meaning of the velocity reading, i. e. as 
has been shown in Chapter 3, Section 2.5, the velocity reading is not 
identical with the time average velocity of the flow parallel with the 
heated plate. 

It is however, possible to divide the experiments into two groups 
according to the flow Ra number. The two experiments having the lowest 
Ra numbers, the heated plate at otw = 10°C (Ra = 3.5 x 109) and the 
test room results (Ra =5x 109), can be grouped together and are 
characterised by higher peak relative velocities. The low Ra number 
experiments follow the theoretical prediction up to a value of n=0.2. 
The other. two experiments (otw = 300C, Ra = 9.1 x 109 and otw = 50°C, 
Ra = 12'. 7 x 109) show substantially lower peak relative velocities and, 
in general, are closer to the Cheesewright and Griffiths and Davis 
experimental results (Ra = 2.2 - 6.2 x 1010). 

The Ra number dependent nature of the grouping of the experiments in 
Fig. 3.32 could be"-caused by a number of factors - room air turbulence 
effects are Ra number dependent, incomplete transition from laminar to 
turbulent flow at lower Ra numbers and inappropriate choice of the 
independent variable n (perhaps n' = y/x (Gr/4)°"25 would give a better 
correlation over the inner part. of the boundary. layer). The inner parts 
of the velocity profiles of the two low Ra number experiments are 
plotted in different dimensionless co-ordinates (n' and vi 2u*). in Fig. 3.33. 
The graph shows that the present results definitely follow the turbulent 
and not the laminar theoretical profile. The test room results 
(va = 0.125 m/s) show a tendency towards higher relative velocity values for n' > 5, i. e. in the outer part of the boundary layer. The -data in 
Fig. 3.32 and Fig. 3.33 indicates that the effect room air turbulence is 
Ra number dependent, even at low Ra numbers the flow is turbulent and a 
change in the co-ordinates has no significant effect. 

The temperature profile measurements are plotted in dimensionless 
co-ordinates in Fig. 3.34. The present results tend to agree better with the theoretical prediction in the inner region and with the experimental 
results of Cheesewright3 and Griffiths and Davis' in the outer region. The overall better agreement of the present temperature profile measure- 
ments with theoretical predictions and other experimental results is, in 
part, due to the greater certainty in the interpretations of the 
measured values. The readings represent the time average temperature 
of the medium surrounding the sensor, the difficulty arises only when interpreting the direction and velocity of the flows. 

The importance of the exact detail of velocity and temperature profiles when considering the effects of flows on room air movements is, to a degree, secondary. The most important parameters, in this respect, are 
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momentum flux, profile maximum velocity and the mean temperature, defined 
as the ratio of heat content to mass flow, The above discussion of 
velocity profiles plotted in Fig, 3,32 and Fig. 3.33 has shown that the 
effect of room air turbulence is a function of the Ra number and there- 
fore maidly of the temperature differential between the heated plate and 
the ambient air otw and of the distance from the bottom of the heated 
plate x. The variation of the above mentioned five main parameters with 
xnt, is plotted in Fig. 3.35 to Fig. 3.39. The parameters are plotted 
as non-dimensional factors K*, KV*, KM, KQ and K* öt, defined as ratios 
of measured to theoretically predicted values (see Chapter 2.4.2, Part 
2). The non-dimensional factors have been calculated for x=1,1.4 and 
1.55 m and ntw = 30 and 500C and for x=1.55 and ntw = 10°C. Also 
plotted are values of K*, Ký and Kj obtained in the test room. 

All of the graphs display the same tendency, i. e. the values of the 
factors decrease with increasing xAtw. However, the plotted values con= 
tain a component dependent on the limitations of the velocity sensor. 
The reading of the instrument, in the outer part of the boundary layer, 
is not identical with the time average velocity of a stream flowing 
parallel with the heated plate. The obvious exception is the ratio of 
the observed and predicted maximum velocity K as the maximum of the 
velocity profile lies in the inner region of the boundary layer and 
therefore the measurement does represent a time average velocity of the 
flow parallel with the heated plate. The plotted results in Fig. 3.32 
and Fig. 3.33 indicate that at low Ra number the velocity measurements 
in the inner region of the flow follow closely the predicted velocity 
profile. Discussion in Chapter 3.2.5 has shown that, in all probability' 
only a small part of the velocity reading in the outer part of the 
boundary layer can be interpreted as a time average flow parallel with 
the plate. It could therefore be assumed that in the region close to 
xntw =0 an absolute velocity measuring technique would give values of- 
the non-dimensional factors K* ( and KM) near unity. On the other 
hand at high values of xotw the proportional influence of any error in 
the interpretation of readings in the outer part of the boundary layer 
will be far less significant. A comparison of velocity profiles in 
Appendix B suggests that (because the boundary layer width varies little) 
the error in the interpretation of the readings could be of the same 
order of magnitude for a wide range of xotw. If, as an approximation, 
the difference between the total and "core" values of volume flow of 
the test room experiment AV were subtracted from other, higher xotw, 
experimental results and the recalculated parameter KV joined with 
KV =1 for xotw = 0, see Fig. 3.40, a clearer view. of the influence 
of room air turbulence on convective flow parameters could be obtained. 
The same approach was applied in the recalculation of the remaining 
non-dimensional factors (KM, KQ and Kam) as plotted in Fig. 3.41. 

The recalculated non-dimensional factors, as plotted in Fig. 3.41, are 
not affected by room air turbulence to the same degree. Volume flow 
decreases by approximately 20% at xntw = 100, whereas momentum flux, the 
most influenced factor, by double the value. The mean temperature 
difference 'Ef, varies only slightly and the variation of the heat content 
is evidently the result of the compound effect of a decrease both in 
volume flow and mean temperature difference. 
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Wall Jets 

The dimensionless velocity profiles of the replacement wall jets at 
H=1.55 m are plotted in Fig. 3.42. The maximum measured velocity was 
chosen as the velocity scale. Any attempt to predict the course of the 
velocity profile between measured points would not contribute signifi- 
cnatly to the establishment of a more accurate maximum profile velocity 
and might introduce an element of subjective judgement. The choice of 
the length scale presents a greater problem. The exact width of the jet 
cannot be easily identified and the velocity v=0.5*"vm, 'used to denote 
the length scale yo 5, may lie in a region of the velocity profile 
influenced by room air turbulence and subject to the difficulties 
associated with the interpretation of velocity readings in the outer 
part of the flow. The width of the jet was therefore chosen to be equal 
to the predicted boundary layer width of the convective current, namely. 
b= Sp (which is in good agreement with an alternative definition of 
the jet width, b=y where v=v0. The length scale yo can then be 
calculated from the Tollmien verlocity distribution for plane turbulent 
jets. 

In view of the somewhat arbitrary choice of velocity and length scales, 
there is relatively good agreement of the present data (also plotted in 
Fig. 3.42) with both the Tollimien solution and an empirical similarity 
curve8, except at the two extremes of the velocity profile. In the outer 
part, room air turbulence and the uncertainty in the interpretation of 
velocity readings can be expected to cause a discrepancy between the 
present data and the theoretical prediction and experimental results 
obtained in controlled conditions. In the region close to the wall, the 
present measurements indicate that the maximum of the velocity profile 
occurs at a greater distance from the wall then predicted by the empirical 
similarity curve8. The shift in the velocity peak could be caused by 
buoyancy; the core of the jet having travelled further than in an 
equivalent isothermal jet with the result that a wider boundary layer on 
the wall side has developed. 

The dimensionless temperature profiles are plotted in Fig. 3.43. The 
temperature scale, again, is the maximum recorded value and the length 
scale is identical to that used in Fig. 3.42. Also plotted in the graph 
are two theoretical profiles, of/Atm = v/vm and t/etm vom. The greater 
scatter of the temperature profiles may be explained by several factors. 
Perhaps a slightly better correlation could be achieved by a variation 
of the length factor: some scatter can be attributed to the higher 
percentage influence of errors on the small values of the temperature 
differential, but the plotted temperature profiles show a systematic 
difference in behaviour dependent upon the initial volume flow. Jets 
having high initial volume flow show no decline in temperature near the 
wall, whereas those characterised by lower initial volume flow have a definite maximum otp at a distance of y/y0.5 = 0.3, coincidental with 
the velocity peaks in Fig. 3.42. Such behaviour can be explained by the 
heat loss through the wall -this is insignificant at high volume flow 
but gains in effect at low flows. It is therefore especially important 
to apply a high degree of insulation to the wall when low initial volume flows are likely to be encountered. 

The relative distance of the replacement cross section from the nozzle, S/bo, varies little for the whole range of experiments (S/bo = 35 w 38). 
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The relative distance S/bo can also be calculated theoretically using 
the appropriate expressions from Table 2.4, Part 2, viz., 

S 0.4 1 
bo - 0.178 ä ... (3.4) 

Equation (3.4) shows that, for a given value of the coefficient of 
turbulence a, the relative distance S/bo is invariant. 

The value of the coefficient of turbulence can be cound if the angle 
of divergence of the jet is known. This angle was found to vary 
insignificantly for the whole range of experiments (60.50' - 70 05'). 
The value of the coefficient of turbulence a' = 0.059 can therefore, 
with sufficient accuracy, be assumed for all the experiments. The 
coefficient of turbulence is denoted as a' because it has been modified 
by the action of the forces of buoyancy. The value of the non-modified 
(iso-thermal) coefficient of turbulence a can be calculated from the 
rearranged equation (2.101). 

a= a' (1 + T) 
... (3.5) 

where x' is the position that an element of the jet would have reached 
if forces of buoyancy were not present and ox' is the additional 
distance travelled due to buoyancy. (Therefore x= x' + ox', and in 
this case x= S). The value of ex'/x' can be calculated using 
expressions in Table 2.3 by an iterative process. The thus calculated 
values range from 0.081 to 0.098 for nozzle Reynolds numbers 
Re = 0.5 -* 0.7 x 103, which agrees well with the values of the coefficient 
of turbulence for the initial region ai in Fig. 2.18 (calculated'from 
experimental data of O'Callaghan et al 9) and not with the main region 
values aM. A correlation with am would be expected as S> Li. 

Experimental results, however, show that, for all the experiments, the 
maximum profile velocity at S (see Table 3.5) is equal to the initial 
nozzle velocity. The discrepancy can only be accounted for by buoyancy. 
As an example, in Fig. 3.44, the relative iso-thermal maximum velocity 
for Experiment 30/2 (calculated according to equation (2.46) corrected 
for the influence of the wall and non-uniform initial flow conditions) 
is plotted against two scales, x/bo and x'/bo, where x'/bo is the iso- 
thermal scale. When buoyancy forces are present, an element at a 
given x'/bo characterised by a value of v /vo will have travelled 
farther to x/bo (x/bo = x'/bo (1 + ox'/x')) and have acquired an 
additional velocity component w'/vo. The value of w'/vo has been taken 
as'half the theoretical value calculated according to equation (2.95) 
because it does not take into account friction and mass interchange 
with the rest of the jets. The sum of the two components vm/vo and 
w'/vo, results in the maximum of the velocity profile being practically 
invariant and equal to the initial velocity over the interval of x/b 
likely to be encountered. The two plotted experimental results, 
Experiment 30/2 (for S/bo = 36) and Experiment 30/3 (identical to 
Experiment 30/2 except S/bo = 41), confirm the invariant behaviour of the maximum velocity. 

The velocity and temperature profiles of two pairs of experiments, the 
two in each pair being identical except for the distance S, are plotted in Fig. 3.45 and Fig, 4.46. Fig. 3.45 shows that.. there is practically 
no difference in the velocity profile within each pair and the maximum 
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velocity is equal to the initial velocity. The temperature profiles 
in Fig. 3.46 show a distinct decline at greater values of S, the 
maximum recorded temperature being noticeably affected. 

In order to assess the influence of the forces of buoyancy on jet 
parameters at the replacement cross-section, the main results tabulated 
in Table 3.2 have been analysed in greater detail. 

The data, in the first instance, have to be corrected in order to take 
into account the nature of the flow in the outer part of the jet and 
its effect on the interpretation of the velocity readings. Flow 
visualisation tests, see Fig. 3.47, have shown that the mean flow in 
the outer part of the jet is also controlled by large, organised 
structures as discussed in Chapter 3, Section 2.5. These observations 
confirm the similarity of convective and wall jet profiles at the 
replacement cross-section in Fig. 3.24, Fig. 3.26 and Fig. 3.28. If 
the similarity of the outer parts of jet and convective flows is 
accepted, the non-dimensional factors in Fig. 3.36 to Fig. 3.41 can 
also be applied to the wall jet results. To account for the inaccuracy 
due to the "false" velocity reading in the outer part of the velocity 
profile, the following type of correction can be made, the volume flow 
being used here as an example: - 

KV 
Ve = Ve* KV ... (3.6) 

where K is the recalculated dimensionless factor that, reflects solely 
the influence of room air turbulence (Fig. 3.41) and KV* is the 
dimensionless factor that is influenced not only by room air turbulence 
but also has a "false" velocity reading component. 

In the calculation of predicted values at the replacement cross-section, 
allowances have to be made for non-uniform initial conditions and the 
effect of room air turbulence on the wall jet. To allow for non- 
uniform initial conditions the correction factor ßo, calculated 
according to equation (2.59a), was applied. The jet, obviously, is 
not affected by room air turbulence to the same degree as the original 
convection current because the length over which it is exposed is 
significantly-shorter. To take the difference in length into account 
the following formula was used (volume flow, again, being used as an 
example): - 

VP = Vp* [KV + (1 - KV(H-S))' 
..... 

(3.7) 

where KV(H_S) is the dimensionless. room air turbulence factor at H-S 
for the equivalent original ntw. 

One of the simplifying assumptions made in Chapter 2.3.3. is that all 
energy added by Archimedean forces is transformed into additional 
momentum of the jet and therefore no additional volume flow is generated. In order to compare predicted and experimental results, the volume flow 
at S has to be calculated. The process involves ascertaining the position of the jet S' which would have been reached if buoyancy were not present. The values of S' were calculated, as mentioned before, using expressions from Table 2.3 (and the coefficient of turbulence as per equation (3.5)) by an iterative process. The predicted and measured values of volume flow show a systematic divergence with initial temperature within each 
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group of tests (i. e. for simulated Atw = 500C and atw = 30CC): higher 
initial temperatures result in greater excesses as measured over the 
predicted volume flows at S. 

In Fig. 3.48, non-dimensional ratios of experimental, Ve, over predicted, 
Vp, volume flows are plotted against oto VO (which can be interpreted 
as representing the heat content of the jet). The dependence, expressed 
by the formula 

v 
Bv = ýp = (10 x oto Vo)0.. 157 

.:. (3.8) 

shows that with rising nt0V0 more ambient air than predicted is entrained 
into the jet. A direct confirmation of this trend is possible: a 
comparison of Experiment 50/1, Experiment 50/2 and Experiment 50/3 
(Table 3.5) shows that the only significant reaction to an approximately 
40% rise in initial nozzle temperature is the higher Volume flow (and 
therefore also momentum flux) in spite of a 6% reduction in nozzle width. 

The basic property of an isothermal jet is that the momentum flux remains 
invariant throughout its length. The present results show that the 
measured momentum flux at S is significantly greater than the initial 
(Nle/Mo = 1.5 -º" 2.1) indicating that the contribution of buoyancy generated 
momentum is important. The buoyancy component of the total predicted 
momentum flux at S was calculated according to equation (2.100) for 
x' = S' and accounted for a higher proportion of the total (75 -*-85%). 
In Fig. 3.49, the ratios of measured and predicted values for the six 
experiments have been plotted. against bov (which expresses the initial 
momentum of the jet). The dependence can be expressed as a simple 
equation 

BM == 94 (bo vý) ... (3.9) 
P 

Fig. 3.49 shows that better agreement between predicted and measured 
values exists at higher values of bo v6. These higher values can be 
interpreted as denoting "strong" jets, less likely to be influenced by 
wall friction or room air turbulence. and in general suffering less from 
rapid temperature decay. A case of rapid temperature decay is illustrated 
in Fig. 3.46 where for bo va = 4.5 X 103 (Experiment 30/2 and 30/3) a 
20% decay in maximum temperature occurs over a distance-of 5x/bo, 
whereas for b0 vo = 2.8 x 10-3 (Experiment 10/1 and 10/2) the decay 
reaches 25% over 4.7 x/bo. It should be noted that, 

-although 
the jet- 

as a whole is Influenced by the above mentioned factors, the velocity 
core remains unaffected. 

The heat content of a jet, in ideal circumstances, should also be invari- 
ant along its length. In the discussion, so far, evidence has been 
presented showing a rapid temperature decay (faster than the velocity 
decay), which, as Fig. 3.31 indicates commences immediately the flow 
leaves the nozzle. The ratio of the measured-to-predicted heat contInt, 
Qe/Q , for the six experiments is plotted in Fig. 3.50, against bo vo. 
The equation expressing the relationship, namely 

BQ =p= 130 (bo vö) ... (3.10) 
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shows that, as is the case with momentum flux, the "stronger" jets are 
less influenced by temperature decay, 

As has been mentioned above, raising the initial temperature (i. e. 
increasing the initial heat content) does not result in an increase of 
the heat content at the replacement cross-section. A plot, in Fig. 3.51, 
of the ratios of the heat content at S to initial, Qe/Qo, against the 
ratio of initial temperature difference to the nominal convective surface 
temperature differential, eto/otw, indicates by the slope of the tentative 
curves for ntw 500C and otw = 300C that it is counter-productive to raise 
the initial temperature difference above the value obtained from the 
formula for the calculation of replacement parameters in Table 2.4. 

Replacement of convective currents by wall jets 

Three cases of the replacement of convective currents, at a nominal 
temperature differential betweem the surface and ambient air temperature 
of 10,30 and 50°C, by wall jets have been examined. Although the 
experiments embraced a wide range of Rayleigh numbers (Ra = 3.5 x 109 
to 1.3 x 1010), the flow at the replacement cross-section was always 
turbulent, and therefore the turbulent region formulae in Table 2.4 
were used in the calculation of replacement jet initial parameters 
(which were listed in Table 3.1). 

As has been shown in the discussion of convective flows, the convective 
current parameters in natural ambient conditions differ from theoretical 
predictions and experimental, data obtained under controlled conditions. 
The influence of room air turbulence can be described, in a convenient 
form, by the dimensionless factors K. KV, KM and KQ. A comparison of 
the influence of room air turbulence at two different levels. (one, in 
the test room, induced by an air-conditioning terminal and the other, 
in the laboratory, generated solely by natural means) indicates that, 
once room air turbulence is present, its effect on the main convective 
flow will not vary significantly. It can therefore we assumed that the 
values of the dimensionless factors in Fig. 3.35 and Fig. 3.41 have a 
more general application, and only in unusual circumstances would new, 
different, factors have to be obtained. 

The main aim of the experiments, i. e. the replacement of convective 
currents by wall jets under as near identical conditions as possible, has 
been achieved to a degree not envisaged at the onset of the project. 
A comparison of the main parameters in Table 3.5 and of velocity and 
temperature profiles in Fig. 3.24 to Fig. 3.29 shows that there is an 
identity of the maximum velocity, volume flow and momentum flux. The 
velocity profiles, given the basic dissimilarity of the two flows, are 
also in surprisingly good agreement. It is only the heat content at the 
replacement cross-section that shows a shortfall. Fortunately, it is the 
parameter that, in most circumstances, has the least direct influence on 
room air movements (compared for example with the momentum flux). The 
reason for the apparent inability to obtain full agreement of the 
temperature profiles, as the above discussion has shown, is the rapid 
decay of temperature along the jet. 

To generalise the results, a procedure for the calculation of replacement 
parameters is suggested below. The-application is limited to cases of 
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usual room air turbulence levels and turbulent flow in the original 
convective current at the replacement cross-section. The present 
experimental results suggest a relative insensitivity of wall jet 
parameters at the replacement cross-section to variations of the initial 
parameters, with the exception of the maximum nozzle velocity. This 
apparently inherent stability can be explained by the configuration of 
the replacement jet calculation formulae (expressing the nature of the 
phenomenon) and by the stabilising effect of the forces of buoyancy. 

If, as has been shown in the discussion of the replacement wall jets, 
the initial jet velocity equals the maximum velocity at the replacement 
cross-section, then 

vo = Kvmax .... (3.11) 

where the value of vmax can be determined from the appropriate expression 
in Table 2.4 and of K from Fig. 3.35. 

As any further rise of the initial temperature has been shown to be 
counterproductive, the initial temperature differential Ato can be 
calculated using the expression given in Table 2.4. 

The distance of the nozzle from the replacement cross-section S can, 
again, be calculated directly from the appropriate formula if the value 
ai is substituted by the corrected coefficient of turbulence ai. which 
takes into account the effect of buoyancy. For the present series of 
tests (Re = 0.5 -)- 0.7 x 103) the value was found to be al = 0.059. In 
other cases, a! can be calculated from equation (2.101), where a value 
for ai can be found in Fig. 2.18. As the present test results have 
shown a particular insensitivity to minor variation of S, so the value 
ai = 0.059 can be used with confidence. 

The initial velocity being subject to the strict requirements expressed 
by equation (3.11), the only parameter that can be varied to accommodate 
the influence of room air turbulence, buoyancy and non-uniform initial 
conditions is the nozzle width bo. The correction for the effect of 
room air turbulence on the original convective current (and therefore 
also requiring a modification of the replacement nozzle width) can be 
calculated according to. equation (2.128) and for non-uniform initial 
nozzle conditions according to equation (2.144). The presence of 
Archimedean forces results in additional momentum being imparted to the 
jet. The calculation of the additional, buoyancy generated, momentum' 
is a complex, iterative, process and therefore a more simple alternative 
approach, based on a correction coefficient, is suggested. This alter- 
native approach is only known to be strictly valid over the range 
covered by the experimental data. Nevertheless the range H4tw = 15.5 + 75.5 is sufficiently wide for the great majority of applications but in 
special cases additional buoyancy generated momentum and the compensa- 
tory variations of the nozzle width would have to be calculated individ- 
ually. The experimentally derived nozzle momentum buoyancy coefficient 
K is the ratio of the measured momentum flux Me to initial momentum 
flux Mo =. bovo co. The variation of the nozzle momentum buoyancy 
coefficient Kp with ntoV0 is shown in Fig. 3.52. The value of ot0V0 can be calculated from formulae in Table 2.4. 

The corrected nozzle width is therefore 
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bö = b0 
KM i [KM + () -KM (H- K S) 

obo (3.12) 2 ... K Kp 

where [K + (1-KM(H_Sj)] has been introduced to compensate for the infl- 
uence of room air turbulence on the jet. Substituting values of K, KM, 
KM[H Sý and K from the relevant graphs (Fig. 3.34, Fig. 3.41 and Fig. 
3.5Z) shows 

Nat, for Hotw = 15.5 to 77.5 and '/o =1.1 (i. e. for 
T=0.75; o=0.675), the value of the nozzle width coefficient Ko varies 
little, i. e. from Ko = 1.11 to 1.09. For the above range of Hotw and a 
mean value of Ko = 1.1 the corrected nozzle width can be expressed as 

bö = 0.02156 H0'7 A%O. 1 
... (3.13) 

ý. 
. 

3° 

For different values of « and '. equation (3.13) can be corrected by 
multiplying the result by 0.91 i. 
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3.4. CONCLUSIONS 

The primary aim of the experimental work described in Part 3 has been to 
test the feasibility of replacing convective streams by wall jets, which 
is the essence of the new approach to modelling room air movements 
proposed in Part 1. A secondary objective, once the feasibility and 
mechanics of the replacement of convective currents by wall jets had 
been established, was the formulation of a simple procedure for the 
direct calculation of replacement-jet initial parameters from convective 
surface parameters that would cover the majority of practical 
applications. 

Before attention could be directed towards the main aims, an important 
issue concerning convective currents, that had so far received little 
attention, had to be tackled. The influence of room air turbulence on 
convective stream parameters, so far only suspected, had to be 
investigated in detail if convective currents, in conditions as 
encountered in practice, were to be replaced by jets. Measurements have 
therefore been made of a convective current generated by a heated 
window (Atw = 200C) in a test room, where room air turbulence was 
generated by the supply of cooling air (thereby simulating office air 
conditioning). 

The experimental results showed that the "core" of the convective stream 
was affected less (the maximum velocity reaching 82% of the predicted 
value) than the outer part of the boundary layer. Nevertheless a 
comparison of the present data with the results of Cheesewright confirmed 
a real effect of room air turbulence on the "core". 

In the outer part of the boundary layer a direct comparison of experi- 
mental results obtained in turbulent room conditions and those obtained 
in ideal situations, if a less than an "ideal" instrument is used (e. g. 
an ommidirectional probe), is more difficult due to a need to correctly 
interpret the meaning of the velocity readings. An analysis, based on 
comparable phenomena associated with turbulent shear flows, has shown 
that it is possible to separate the influence of the velocity measuring 
instrument and to correctly asses the influence of room air turbulence 
on convective flows. A method, based on this analysis, was subsequently 
used in the evaluation of the main experimental results. The -experiment 
also showed that, although the Rayleigh number of the flow, Ra.. = 5x 109, 
is close to values associated with flows in the transitional region, the 
flow was turbulent. 

The main experiments - the 'direct replacement of convective currents by 
wall jets - were carried out in a purpose built experimental facility. 

Convective currents from a heated vertical plate (0.39 x 1.55 m) at three 
nominal temperature differentials between the plate and ambient air of 
10,30 and 500C were measured. Again although the flow Rayleigh number 
for one experiment was Ra = 3.5 x 109, the flow was, in all instances, 
found to be turbulent. Good agreement with the predicted boundary layer 
width was obtained when the boundary layer width was re-defined as the 
distance y from the plate to where v= va. The convective velocity 
profiles, when plotted in dimensionless co-ordinates, show a variation 
with the flow Rayleigh number; profiles having higher Ra numbers, 
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Ra = 9.1 x'109 to 12.7 x 109, being in better agreement with the experi- 
mental results of Cheesewright and Griffiths and Davis (Ra = 2.2 + 6.2 
x 1010), whereas lower Ra number profiles (Ra = 3.5 to 5x 109) are in 
better agreement with. theoretical predictions. The temperature profiles 
corroborate the theoretical predictions, especially in the inner part of 
the boundary layer. 

The most important parameters that influence room air movements are 
momentum flux, maximum velocity and the mean temperature, defined as the 
ratio of heat content to mass flow. The influence of room air turbulence 
has been shown to be Rayleigh number dependent (and therefore will vary 
mainly with the height of the heated surface H and the surface temper- 
ature differential ntw). The variation of the influence of room air 
turbulence, expressed as the ratio of measured experimental values to 
predicted values, with the parameter Hntw is shown graphically in 
Fig. 3.35 and Fig. 3.41. The variation can be expressed by the follow- 
ing formulae - 

Maximum velocity 

K= 
Vmaxe 

= 1.585 (xotw)-o. 2 
Vmaxp 

Momentum flux 

KM 
Me 

= 1p-o. oo1484(X$ ) 
-Mp 

Volume flow 

KV' = 
Ve 

= 10-0.001058 (xntw) 
Vp 

Heat content 
K� == 10-0.00.1394(XAtw) 
ýý! P 

Mean flow temperature 

me 
K== lO-0.00361(XAtw) 
nt ntP - 

The convective flow parameters are not all affected by room air 
turbulence to the same extent. , 

Momentum flux and maximum velocity are 
the most sensitive, volume flow being less affected and the mean flow 
temperature varying only slightly. The variation of the heat content 
is, evidently, the result of the compound effect of volume flow and mean 
flow temperature. The above formulae can have a more general applic- 
ation, as a comparison of the influence of room air turbulence at two 
different levels (test room and laboratory) indicates that, once room 
air turbulence is present, its effect varies insignificantly. 

Initially the replacement wall jet initial parameters were calculated 
according to theoretically deduced formulae in Part 2. The initial 
parameters were subsequently varied in order to take into account 
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buoyancy, room air turbulence and non-uniform initial conditions. The 
measured wall jet velocity profiles are in good agreement with both 
theoretical and empirical similarity curves except for a shift in the 
velocity peak attributable to the buoyancy. The shape of the temper- 
ature profile depends on the initial volume flow. "Strong" jets, i. e. 
those having a high initial volume flow, show no temperature declines 
near the wall, the heat loss through the wall, proportionally, being 
Insignificant. It is therefore exceptionally important to apply a 
high degree of insulation to the walls when low initial volume flows 
are likely to be encountered. 

The coefficient of turbulence a', which includes the effect of buoyancy, 
was found to vary little for the whole range of experiments 
(Re = 500 -)- 700). When values of the isothermal coefficient of 
turgulence a were calculated, they agreed well with the theoretically 
predicted values in Part 2. 

The effect of buoyancy on jet parameters at the replacement cross-section 
was found to be significant. The maximum velocity at the replacement 
cross-section remained equal to the initial nozzle velocity although 
the values of S/bo indicated flow outside the initial region. 
Experimental results and theoretical analysis, based on the equations for 
the assessment of buoyancy effects developed in Part 2, have shown 
that, when modelling convective currents, the maximum velocity remains 
stable over a wide range of S/bo and thereby in effect lengthening the 
initial region. 

Experimental results showed that the volume flow at the replacement 
cross-section was significantly influenced by the initial nozzle temper- 
ature. It can therefore be assumed that higher temperature differen- 
tials enhance the mass transfer between the jet and the surrounding air. 
Rigorous calculations, utilising the buoyancy effect equations developed 
in Part 2, have enabled the effect to be quantified and expressed, in 
non-dimensional form, by the following equation 

BV (10 nt0V0)o. 157 
P 

where BV is, id essence, a correction coefficient that would have to be 
applied to theoretical predictions in order to take into account the 
temperature-enhanced mass transfer. 

Both, momemtum flux and the heat content of the jet, show a tendency to 
be significantly lower than-predicted if the jet is not "strong", i. e. 
the ratio of the measured values to expected depends on the initial 
momentum of the jet. The dependence can be expressed by 

BM = 
Me 

= 94 (bovö) 
p 

and 
BQ =p= 130 (bovö) 

where again BM and- BQare, in essence, buoyancy correction factors that 
can be applied to calculated values. As a consequence, raising the 
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initial jet temperature does not result in an increase in the heat content 
of a jet at the replacement cross-section. 

The main, aim of the experiments, i e. to show that it is feasible to 
replace convective surrants by wall jets, has been achieved. A virtual 
identity of the maximum velocity, momentum flux and volume flow at the 
replacement cross-section has been. accomplished and the velocity profiles 
are in good agreement. Complete identity of the heat content at the 
replacement cross-section may not be feasible as a rise in the initial 
jet temperature results in a more rapid temperature decay along the jet. 

Based on an understanding of the behaviour of convective currents and 
their replacement jets exposed to natural room air turbulence, it is 
possible to formulate practical guidelines for the direct calculation 
of replacement jets from convective surface parameters. The validity 
of the following procedure is, strictly, limited to the modelling of 
convective currents having a Rayleigh number in the interval 

. Ra = 3.5-x 109. to 13 x 10 (or Hntw = 15.5 to 75.5) which covers the 
majority of practical applications. (For applications outside this 
interval, detailed calculation referred to in the main body of the text 
would have to be used. ) 

Initial maximum velocity 

Vc) = 0.1 K HO-5 At% "-5 

where K=1.585 (Hotw)-0.2 

Initial temperature. differential 

to = 0.354 Atw 

Distance of nozzle from replacement cross-section 

S=0.746 HO. 7 oho. i 

Nozzle width 

bö = 0.02156 Ho. 7 o o. i 

or bö 19 

If values describing non-uniform initial nozzle flow are known, the 
nozzle width bo can be multiplied by 

0.91 
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PART'4: '*OVERALL MAJOR CONCLUSIONS 

The-primary objective of this project - the identification of novel 
methods of extending the scale factor when modelling room air move- 
ments - has been achieved, 

Accurate predictions of the air flows in full-size air-conditioned rooms 
may be obtained from observations made with small models if certain 
criteria are satisfied. The maximum geometric scale-factor can be 
increased to 8.5, while limiting the maximum working temperature in the 
model to 1000C, by replacing the convective currents with wall jets of a' 
similar velocity profile, volume flow, momentum flux and heat content. 
A further improvement may be achieved if the scale-factor adopted for 
the jet nozzle is smaller than the geometric scale-factor. This approach 
can lead to scale factors exceeding 11.8. Thus, the aim, namely the 
worthwhile use. of a small model which can be contructed cheaply, can be 
achieved. 

Theoretical studies resulted in the formulation of expressions for the 
calculation of replacement jet parameters directly from the vertical 
dimension H of the convective surface and its surface temperature 
differential ntw (Table 2.4). In the course of the study, a detailed 
investigation of those facts important to the aims of the project, but 
for which there is a dearth of relevant published information, were 
undertaken. 

An analysis of available data, for jets having low nozzle Reynolds 
numbers, has resulted in a method for the separation of the coefficients 
of turbulence for the initial ai and the main region aM being evolved. 
Thus the deduced values of ai (Fig. 2.18) enable a more accurate 
calculation of replacement jet parameters to ensue. 

The effect of Archimedean forces, acting in the direction of the initial 
jet flow, was analysed and formulae, based on simplified assumptions, 
for the additional length travelled by an element of the jet and the 
additional centreline and mean-square velocities deduced (Table 2.3). 

Calculations have shown that, due to non-uniform initial flows at low 
nozzle Reynolds numbers, up to 20% may have to be added to the nozzle 

. width. 

The experimental studies achieved the main aims - the feasibility of a 
direct replacement of a convective current by a wall jet, the 
establishment of necessary empirical factors and the formulation of a 
simple procedure for the calculation of replacement jets, valid for the 
majority of cases likely to be encountered. 

A virtual identity of maximum velocity, momentum flux and volume flow 
at the replacement cross-section has been achieved (Table 3.5). The 
correlation of the heat content suffers from the rapid temperature 
decay above the jet.. 

The effect of room air turbulence on convective current parameters was 
found to be significant, The present experimental results'- obtained 
in natural room turbulent conditions differ from other results taken 
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in controlled environments. The effect', expressed as room air turbulence 
factors (Fig. 3.41), varies with height and temperture of heated surface. 

The influence of buoyancy on wall jet parameters has also been 
quantified. Volume flow (due to enhanced mass transfer) is significantly 
influenced by nozzle temperature. Values of momentum flux and heat 
content significantly lower than predicted were found for jets having 
low initial momentum fluxes. 

Based on an understanding of the behaviour of convective currents and 
their replacement jets, the following modelling procedures are 
recommended. The application is limited to natural room air movement 
levels Ra = 3.5 x 109 -} 13 x 109 and nozzle Reynolds numbers 

bovo 
= Reo = vo 

500 -ý 700. 

Convective surface 

Vertical dimension H (m) 
Surface temperature differential otw = tw - ta (OC) 

Replacement jet 

Initial maximum velocity 
vo = 0.1 K H°"5 otw"s (m/s) 

where K=1.59(Hetw)-°. 2 

Initial temperature differential 
oto = 0.354 otw (°C) 

Distance of nozzle from replacement cross-section 
S=0.746Ho. 7 ntw°" (m) 

Nozzle width 
bo = 0.0216 HO. 7 otpo, i (m) 

(If values describing the non-uniform initial nozzle flow are known, 
bo should ýe multiplied by 0.91 v/o). 
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APPENDIX A 

COMPUTER'PRINTOUTS'OF'CONVECTIVE'MEASUREMENTS 

The printouts contain data from six experiments: two each for the three 
nominal temperature differentials etw = 10,30 and 500C. 

The first number of each printout (twice underlined) is the nominal 
temperature differential otw. 

Line 1 and Line 2 contain basic data required by'the computer program. 

Line 3- The underlined number is the distance from the bottom of the heated surface x; then follow - ambient temperature 
t of Test 1 and Test 2 and actual temperature differential 
AL of Test 1 and Test 2.. 

Line 4- Distances from heated plate y where measurements were taken. 

Line 5- Velocity measurements Test 1. 

Line 6- Velocity measurements Test 2. 

Line 7- Temperature measurements Test 1. 

Line 8- Temperature measurements Test 2. 

Lines 3 to 8 are then repeated for other values of x. 

0 
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APPENDIX B 

RESULTS OPCOMPUTERANALYSS OF CONVECTIVE MEASUREMENTS. 



Text cut off in original 
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DT= 10 DEC. C X= 1.55 iii 

TURBULENT 
BASIC DATA:. 
KIN VISCOSITYCM2/S] 1.57*-435 
DENSITY[KG/+H3] 1-19 
SPECIFIC HEAT CAPACITYCKCAL/M3DEG Cl 0.288 
DATA: 
V(MAX) C+Ml/S] 0.394 V(1) [M1/S] 
DELTA[M] 0.1 187 Y(V, XAX) EMI 
GR 5. O58a+09 N(f(MF. AN) 

xn 

©. 736 
0.0c3/11 
1. i, 40', +02 

'IELOC I TY 

Y VTH V1 V2 VIM 
(M) (M/S) (M/S) (M/S) (M/S) 
0.0000 0.0000 0.00000 0.00101 0.0000 
0.0015 0.3747 0.2562 0.2785 0.2673 
0.0065 0.3881 0.3287 0.3919 0.3603 
0.0115 0.3509 0.3287 0.. a. ' o/1 0., 3345 
0.0215 0.2594 0.2900 (1.27135 0.2843 
0.0315 0.1775 0.2320 0.2166 0.2243 
0.0515 0.0672 0.1643 0.0722 0.1183 
0.0815 0.0068 0.1063 0.1341 0.1202 
0.1115 0.0000 0.0580 0.0722 0.0651 
0.1200 0.0000 0.0580 0-0722 0-0651 

TEMPERATURE DIFFERENCE 

Y DTTH DTI DT2 DTM 
(M) DEG C DEC 

"C DEG C DEG C 
n. 0000 10.00 10.00 10.00 19"ß 
0.0015 4.644 9.25 9-26 9.2s 5 0.0065 3.40 "4.77 4.26 4.51 0.01 15 2-84 3.64 3.19 3.42 
-. 0215. 2.17. 2.52 2.77 20 6A 
0.0315 

- 
1-73 1.50 0.64 1.07 5 0.051 

7 
1.12 0.93 0.64 - 0.79 

0 . 0815 0.5p. 0.09 0.21 47.1 5 0.1115 0.09 -0.09 0.21 0. t? ºG 0.1200 0.00 -0.09 0.? 
_1 0.06 

COMPARISON TABLE 
DEV", THEOR. =100 

nIJANTITY THEOR TEST I TEST2 MEAN 

"ini 
IIwIF'(_Z/S-M) 1 "249a-02 1.998a-O2 1.895a-P2 1.94602 

DEVIATION 100 
" 

160.0 151.8 155.9 

Mn, -. AE Ti'v'[ uGM/S2"M) 4.023o-03 5. "147a-03 4.972a-03 
DEVIATION 100 128.0 123 

4.979a-n3 
-6 1? 3. ý 

HFA COVTENT - (( b: ) - 3.557a+0 ; 5.026b+ 01 4-541 + 
. 

n1 
DEVIATION 100 141.3 a 4.75Rw+01 

ýA 
T'+in rATY 

- 

127.7 't 
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" TURBULENT ntyr = 10°C 

,, 

) 

0.14 

naiv* 

a 

o. 1io 

a oee 

a ors 

0. M7. 

C. a« 

Cr 0m 

0.044 

mme 

a oee 

0 . 11 

Q. C= 

d d d d d d d d d d d d d d d d 
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TURBULENT Atw = 100C 

11 

0ovovvao00000000 
ýý ä ýd 14 



199 

LAMINAR 
BASIC DATA: 
KIN VISCOSITYCM2/S) 1 ". 57a-05 
DENSITYCKG/M3] 1.19 
SPECIFIC HEAT CAPACITYCKCAL/M3DEG Cl 0-286. 
DATA: 
V(MAX)CM/S] 0"425 V(1) CM/S] 
DELTACM) 0.0309 Y(VMAA) CM) 
GR 5.058 o+09 NU(MEAN) 

2.870 
0.0103 

VELOCITY 

y VTH V1 V2 V., 1 
(M) (M/S) (M/S) (m/s) (M/S). 
0.0000 0.0000 0.0000 0.0000 0.0000 
0.0015 0.1260 0.2562 0.2785 0.2673 
0.0065 0.3763 0.3287 0.3919 0.3603 
0.0115 0.4211 0.3287 0.3404 0.3345 
0.0215 0.1955 0.2900 0.2785 0.28 43 
0.0315 0.0000 _ 0.2320 0.21 66 0.2.. 243 
0.0515 0.0000 0.1643 0.0722 '0.1183 
0.0815 0.0000 0.1063 0.1341 0.1202 
0.1115 0.0()00 0.0530 0.0722 0.0651 
0.1200 0.0000 0.0580 0.0722 0.0651 

TEMPERATURE DIFFERENCE 

y" DTTH DTI DT2 DTM 
(M) DEG C DEG C DEG C DEG C 
0.0000 10.00 10.00 10.00 10.00 
0.0015 9.05 9.25 9.26 9.25 
0.0065 6.24 4.77 4.26 4.51 
0.0115. 3.95 3.64 3.19 3.49 
6.0215 0.93 2.52 2.77 2.64 
0.0315 0.00 1.50 0.64 1.07 
0.0515 0.00 0.93 0.64 0.79 
0.0815 0.00 0.09 61.21 0.15 
0.1 115 0.00 -0.09 0.21 0 "06 0.1200 0.00 -0.09 0.21 . 0.0 6 

COMPARISON T ABLE 
DEV.,, THEOR. =100 

OI)ANTI T Y THEOR TEST I TEST2 MEAN 

.. 0, rºv! F'(Mýi/S . M) 7.398. -03 9.1910-03 9.507, -03 9.3. A9, -03 
DEVIATION 100 124.2 128.5 11,16-4 

ý' IlM(KG M/S2. M) 2.8861o-03 3.309, -03 3.585, -O3 4an. -03 DE IATIOV " 100 114.7 124.2 119. P 

, c-AT r0NTEN T (1"1) 3.5.50*+ 01 4.275,0+ 
ý 

611 4.389 q+ý11 A. 339 »+C DE VI A TI ON 100 120.4 123.6 122.2 

"-'EAN TEMP. DIF" (C) 4. 0 3. 9 
OFy ATTONI 100 97.1 fib. 

9 3"9 
4_ 
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LAMINAR ntw = 100C 

0 6149 

a1 

0 8191 

Q 110 

o. oes 

G. oS 

0.077 

0. Oft 

c36 cm 

a 044 

o. 0 

Coum 

aoýi 

Q 000 

'ý dd d d d d 
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LAMINAR Atw = 10°C 

"C 

0oao0000oao0ouo0 
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'TnT= 
-'in nrrr, r X= 1. SgO! JV'; CTIVE C! IRRF.. NT 

TURBI ILENT 
BASIC DATA: 
KIN VISCOSITYCM2/S] 1.57b-05 
DENSITYCXG/M3] 1.18 
SPECIFIC HEAT CAPACITYCKCAL/M3DEG Cl. 0.133 
DATA: 
'/(MAX) CM/S] (1.682 J(1)t1/S) 
DELTACM] 0.1064 YCV: MAX)CM] 
(CR 1.5,17. +10 N11CMEAV) 

VELOCITY 

Y 
(y) 
0.0700 
0.0015 
(3.0 20, 
0.0070 

0.0'? 2! ) 
0.0320 
0.04221 
0.0520 
0.0720 
0.1020 
0.1320 

VTH 
(M/S) 
0.0000 
0.6554 
0.6700 
0.6584 
0.5795 
0.4030 
0.2567 
0.1498 
0.0786 
0.0132 
0.0000 
0.0000 

III 
(M/S) 
0.0000 
0.3062 
0.3470 

0.4092 
0,3470 
0.3062 
0.270 
0.1939 
b. 1327 
0.0612 
9.0106 

Y. 

1). OOt30 
g. gg15 
o. 002h 
(3.0070 
0.0120 
1.0220 
0.03? 0 
0.0420 
0.0529 
(3.0720 
0.1020 
0.1320 

TEMPERATURE DIFFERENCE 

DTTH DTI 
DEC, C DEG C 

30.00 30.00 
13.68 20.94 
13.00 16.15 

9.66 11.25 
8.04 7.51 

" 6.05 5.03 
4.73 2.6f1 
3.73 1'. 35 
2.92 1.35 
1.63 0.52 
0.18 . 7.0 
0.00 3.0.3 

V2 
(M/S) 
0-MOO 
C)"4179 
0.5373 
g"5373 

0.4677 
0.4179 
0.3781 
3.3184 
0.169? 

_ ý"n39l, 
1-0896 

1.? 75 
0.0037 
2.235, +ý2 

DT2 
DEG C 

30. Gi, 1 
27.92 
25.64 
16.53 

9.57 
6.14 
5.94 
4.36 
3.66 
2.48 
1169 
1.62 

COMPARISON TA3LF 
f)EV., THFOR. =100 

C)UANTITY THEOR TEST I 

_ ____'ý/S. 
H> 1 . 9394-fl? 2.319. -c 2 

DEvIATION 10(1 119.7 

DEVIATION 1ý0 72.4 

HrAT CrIVTF'NT (. ', l) 1 . 5? 7e+l7? 1 "? So. +02 
OF. VIATION 1t) 76*53 

MEAN T; "1P. nIF. (C) 7.1 4*5 
DEVIATION 1ýJ 1 6 .2 

vM 
(MIS) 
O. Oýs7ý 
0.3621 

J. Aý3Q 
All 1 

'1.15fl9 
f). F1754 
0. n611 

1)TM 
DFC C 

2n. ß1 

1,1089 
8.5r) 
5657 
n.? 7 
p 08 (a 
? "51 
1.5-1 
7.. 'i4 
cl . Rd 

TESTq 

3.197% -ýl? 
1(, 2.9 

1 . 391 4-c 
1740.7 

2.74n*+n? 
16$. e 

7.3 
1 x13.4 

MRAN 

I 

1 "ý5ý5"- 
oo. 1 

1.9? 1 
Iz. 

5.9 
nj. 
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otw = 300C 

v 

0.14w 

0.1$$0 

0.1C= 

Co 1140 

0.104Q 

0. OM0 

0.0 

0.07$0 

0.05 

0. oaro 

a 04m 

a ono 

o6 ona 

x01$0 

136 00 

0.0000 

QÖOOOO6OOO6OÖÖÄÖÖ 
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ptw = 300C 
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- nT= 5 npn. C X= 1.55 M 

Tr)�II! LF. NT 
9ASIC nATA: 
KIN vISCOSITYC M2/c) 1.57, *-O5 
DFiNSITYCK(? / i3] 1.16 
SPECIFIC HF4T CAPACITYCKCAL/M3DE Cl 2 0; 
DATA: 
v(MAX)Cm/s] '1 13 8 ''1 V(1) Cri/S] 1 "!, n6 
nFLTACr] 1) 1x'11 Y(t1yt. '{)C: n] !. ' 5 

VFLOCITY 

"Y 7TH 111 týý ýi. l 
(Y}) (iý1/S) (M/S) (ý1/fi) ( 4/S) 
c7. ß 1ß ?I 0111), I1 r7 . C' -) X7'1 ,f. !1 '1 1 ., 's ry 

nfl 15 1 gA97 '1"449G ýº. n915 1. n7""5 
ýf. r7I3`l 3.211329 X104995 4). 642' 1A '7 
0.3rt8: ) 2AG 0 4745 '10 l. i119 5S 
0 .! 113n '"7'181 . 4745 l. 5^-, 17 
3. ý73C1 x). 4745 . 4196 . lýi A1, ý19. 
1.1133) 1.233 , 1(7. ) 
'i. ß4; 1ß '1.15' 9 ? 647 . 331 ý. ý. 17a 
ýi .n53 !} 0-1769 . C! el 99 10 .19 " ^ý ý =ý'ý 

1)631 0 "n31O '. 1099 7.? n"17 '. 1751 
ßß73'1 11"! 3ý9lý 1.12oq x. 15^5 `"l. ýýo 
, Inn . -1 70 n. 3S99 x. 1797 °. 1 
1.1331 I. r1; ýfC 7.7599 ý. ýl, ^ý., ýin1 

TEHPERAT! JRF DIFFFPFNCL 

y nTTH DTI nTI 
nrr, c ORG C nr. r. r 

3 fill 5. 'i'l 5'1. ßn 510 ')1 
ß. n015 22.67 36.33 19.54 
1.093'3 19.75 29.64 27.1 

f")nri!? 15 -P 13. (, 7 1504'1 
7 .0 131) 1?. 71 9-91 ?. f', 7 
I Op Il 9.53 5. '39 1. SS 
rß. '133 ] 7.39 1. s3 r 4. '7 
0". ̀ . 1 5.75 1.77 4 651% 
1.153( 4.41 .7 .1 3.50 
O. n(ý3 ; 3.27 -, t. 51 2.31 

'3 0 
; .1 173r r"r17 1.41 
9 113 1 1 rl -1 .5 f) 'x .91 

C31PARIc0j\) TAgLF 
DFV-, Tt1EOP. =1 ii 

^tIANTITY TRF(Y TEST 1 

InZ 

rW"IATIýV, 1'1 AI -I 

4rAT rr)'WTC'NT- ('') ý. 'iýýn+r1! a O. lri 3ro+; }? 

cTIIVIA T ION 1i til "1 

. v-, A\i Tr-A: 3, nTr v CC) 11. E r,. 5 
nF%IIATION 1ýý1 55"4 

flT t 
G 

17 

Sl 

4" I 

T! Tq It, C, 

77 . ', 

7. 
i re . 
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otw = 500C 

o14 

cu Lee 

CL itt 

äno 

C). 0" 

0. oa 

O. o» 

a0 

CL O= 

0.044 

0.044 

O. O=e 

06 011 

ö 

0.000 

oÖ Ö o o p o' pÖ Ö C C e e d .f 
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etw = 500C 
/ 

UvvUvvvvvppp0p 
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APPENDIX C 

" COMPUTER'PRINTOUTS'OF'REPLACEMENT*JET'MEASUREMENTS 

The first number on each printout (twice underlined) is the nominal 
temperature differential nth of the replaced convective surface. The 
first two lines contain basic data required by the computer program. 

Line 1- The underlined number is the height of the replaced 
convective surface. H and the following number is the ambient 
temperature ta at time of measurement. 

Line 2& Distance from heated plate y where convective measurements 
-Line 3 were taken. 

Line 4& Distance from heated plate y where replacement wall jet 
Line 5 measurements were taken. 

Line 6& Mean values of convective velocity measurements. Line 7 

Line 8& Replacement wall jet velocity measurements. Line 9 

Line 10 & Mean temperature differential of convective measurements. Line 11 

Line 12 & Replacement wall jet temperature measurements 
Line 13 

Line 1 to Line 13 are then repeated. 

0 

I. 



209 

P 
10,1.57. -05,1.195,0.288, 

ýTpmö, 0,0.14390,0,0.57,0.57, -7, -7,48,48, 
17,17,1_ 55,23.9, 
0,0.0015,0.00 41,0.00 65,0.01 15,0.0215,0.0315,0.0 51 5,0.0815.0.1 115, 
0.12,0.12,0.12,0.12,0.12,0.12,0.12,0.12, 
0,0.004,0.007,0.012,0.017,0.022,0.032,0.042,0.052,0.062,0.072, 
0.082,0.092,0.102,0.112,0.122,0.132,0.152, 
0,0.2673,0.366,0.3603,0.335,0.2843,0.2243,0.159,0.101,0.0651,10/1 
0.0645,0,0,010» 0,0,0, 
0,0.19,0.24,0.36,0.32,0.27,0.24,0.21,0.17,. 15,0.1 1,0.1,90.09.9 
0.09,0.07,0.05,0.04,0.04, 
10,9.25,7,4.5193.4292.64,1.07,0.79,0.15,0.06,0.06, 
0,0,0,0,0,0,0, ' 
25.1,25.1,25.5,26,25.7,25.5,24.7,24.7,24.3,24.1,24.1,24.1, 
23-9,23-9»2 

-3- *9,23.9,23.9,23.9, 
17,17,1_ 55,23.9, 
0,0.0015,0.0041,0.0065,0.0115,0.0215,0.0315,0.0515,0.0815,0.1115, 
0.12,0.12,0.12,0.12,0.12,0.12,0.12,0.12, 
0,0.004,0.007,0.012,0.017,0.022,0.032,0.042,0.052,0.062,0.072, 
0.082,0.092,0.102,0'. 1 12,0.122,0.132,0.152, 
0,0.2 673,0.3 6 6,0.3 603,0.33 5,0.28 43,0.2243,0.159.90- 101,0.0 651,10/2 
0.0645.0.0.0.0.0.0.0' 
0,0.19,0.24,0.354,0.27,0.25,0.24,0.21,0.19,0.17,0.1,0.09,0.06, 
0.0690.06o0-03.90-02.90-05,9 
10,9.25,7,4.51,3.42,2.64,1.07,0.79,0.1590.06,0.06, 
0,0,0,0,0,0,0, ' 
24.8,24.8.255.25.1D25112511.24.8,24.6,24.6.24.6,24.3,24.3, 
24010-24-1.924-11,2401#24-11,24019 
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X10.1 "57. -05* 1 "195.1 . 189s0. 'g88p0.286i 
00,0,0.143.0.0.0.57.0.57, -7, -7.4848. 

10/3 

10,10.1.55,0,23.3.10.10, 
°0,0.0015.0.0041.0.0065.0.0115.0.0215.0.0315,0.0515,0.0815,0.11159 
0012.9 
0s0.001,0.006s0.011.0.021,0.031,0.041.0.08,0.09,0.1,0.12, 
0,0.2673.0.366.0.3603s0.335.0.2843.0.2243,0.15990.10190.0651. 
0.0645. 
0.0.19,0.35490.27,0.17.0.0490,0,0,090, 
10,9.25,7s4.51.3.42,2.6491.07, '0.79s0.15,0.06,0.06s 
30.1#30.1,29.9.27.9924.8,24.1.23.3,23.3.23.3,23.3,23.3, 

10/4 
10,10,1.55,0,23.3,10,10, _, 0,0.0015,0.0041,0.0065,0.0115,0.0215,0.0315,0.0515,0.0815,0.1115, 
0.12, 
0,0.002,0.00590.01,0.020000300.04,040800.09,0.1,0.12, 
0,0.2673,0.366,0.3603,0.335,0.2843,0.2243,0.159,0.101,0.0651, 
0.0645, 
0,0.21,0.354,0.33,0.19,0.05,0,0,0,0,0, 
10,9.25,7,4.5193.42,2.6491.07,0.79,0.1590.06,0.06, 
30.3,30.3,30.5,27.9,26923.9,23.3,2393,23.3,23.3,23.3, 
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30,1.57, -05,1 .1 77,1 . 157,0.283, n . 286, 
1 tJ, 0,0.1 44,0,0,0.57,0.57, - 7, - 7,48,48,, 

i 
30/1 

17,17,1.55,23.3, 
0,0.0015,0.002,0.0037,0.007,0.012,0.022,0.032,0.042., 0.052,0.072, 
0.102,0.132,0.132,0.132,0.132,0.132,0.132, 
0,0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
11.081,0.091,0.101,0.111,0.121,0.131,0.151, 
0,0.3621,0.4422,0.493,0.483,0.453,0.4073,0.3621,0.3123,0.2562, 
0.1509,0.0754,0.060 1,0,0,0,0,0, 
0,0.33,0.42,0.49,0.42,0.3$, 0.33,0.27,0.21,0.19,0.13,0.09,0.06, 
0.05,0.05,0.05,0.06,0.03, 
30,24.43,20.89,18.9,13.89, $. 5,5.57,4.2_7,?.. f36,2.51,1.5,0. ß4,0.64, 

I" 00 0,0,0,0 
2.7.1,27.1,28.4,27.9,27.4.26.9,2.6,25.5,25.1.24.3,24.1,24.1,23.6, 
23.4,23.4,23'. 4,22.9,23.1, 

i 
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. 57, -05,1.177,, 0.293. 
-7, -7,49,4; 3, t 57x0.57., 

--. 
30/2 

47,1 7, 
-L . 

55 23.2, 

a, 0.001 5,0.002,0.0037, Q"007,0.012,0.022,0.032,0.042,0.052,0.072, 

Q. 102,0.132,0.132,0.132,0.132,0.132,0.1321 
0,0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
0. '081,0.091,0.1(}1,0.111,0.121,0.131,0.151, 
0,0 . 3621,0.4A22,0.493,0.483,0.453,0.4073,0.3621,0-3123.90 . 2562, 
0.1509,0.0754,0.0601,0,0,0,0,0, 
0,0.38,0.42,0.49,0.42,0.38,0.33,0.3,0.19,0.15,0.13,0.11,0.1, 
ß. 06,0.06) 0.03, °. 0210.05, 

30,24.43,20.89,18.9,13.89,8.5,5.57, x. 27,2.86,2.51,1 . 5,0.84,0. R4, 
; '0,0,0,0, Of 

28.4,28.4,27.9,279,27.9,26.2,26,25.5,25.1,24.6,24.1,23.6,23.4, 
93.4j, 23-4�23.. 6,24:. 1,23.4, 

_30/3. ----- - --- -. _... __. 

1 7,17,155_ 23.4, ' 

, 0.0015,0.002,0.0037,0.00,7,0.012,0.022,0.032,0.04? _, 
0.052,0.072, 

lC). 102,0.132,0.132,0.132,0.132,0.132,0.132, 
p0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
fl, 'os 1,0.091,0.101,0.111,0.121,0.131,0.151, 
0; 0 . 3621,0.4422,0.493,0.483,0.453,0.4073,0.3621,0.3123,0.2562, 

;Q, 1 509,0.0754,0.0601', 0,0,0,0,0, 

0,0.38,0.42,0.49,0.42,0.38,0.3,0.37,0.21,0.19,0.17,0.11,0.1, 

. 0.05,0.09,0.06,0.05,0.05, 
10,24.43,20.89,18.9,13.89, 

$. 5,5.57,4.27,2-86. p2.51,1 . 5,0. R4,0.84, 
0,0,0,0,0, 
'27.6,27.6,27.6,27.6,27.1,27.1,26,25.5,25.3,24.8,24.1,? _3.6,23.6, 
'23.6,23.6,23.6,23.4,23.4, 
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5n, 1.57M -05,1.157,0.286, 
'ib, 0,0.144,0,0,0 . 57,0-57, -7. - -7,48,48, 

17 13. - 
0,0.0015,0.003,0.0035,0.008,0.. 013,0.023,0.033,0.043,0.053,0.063,0.073, 
0.103,0-133,0.133,0.133. v0.133,0.133. - 
0,0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
0.081,0.091,0.101,0.1'11,0.121,0.131,0.151, 
0,0.4705,0.5807,0. '59,0.5582,0.5281,0.4605,0.3679,0.2979,0.2328, ' 
0.1 753,0.1402,0.0651,0.0601,0,0,0,0, 
0,0.46,0.505,0.6,0.56,0.52,0.42,0.315,0.24,0.19,0.16,0.095,0.095, 
0.07,0.065,0.08,0.085,0.07, 
50,14- 681 10- 531 6.97., 3-36., 2.61,2.11,1.41 
0,0,0,0,0,0, 
7.85,7.85,8.75,7.2,6.8,5.65,5.2,4.4,2.4,1 . 55,1 . 3,0 . 95,0.65,0 . 35, 
0.35,0.35,0.35,0: 5, 

p, 0.0015,0.003,0.0035,0-008,0-013., 0.023,0-033', 0.043,0.053,0.063,0.073, 
0.103,0.133,0.133,0.133,0.133,0.133, 
g, 0.003,0.006,0.011,0.016, 
0.081,0.091,0.101,0.111,0.121,0.131,0.151, 
0,0.4705,0.5807,0.59,0.5582,0.5281,0.4605,0.3679,0.2979,0.2328, 
0.1753,0.140210.0651,0060h30,0,0,0, 
0,0.47i0.54,0.6,0.54,0.47,0.38ä0.3,0.21,, 0.17,0.11,0.1,0. '09., 0. (16, 

- 0.05,0.011,0.0510.051 
50,37.93,28 . 4,27.2,41 4,68,1 0.53,6.97,3 . 36,2.61,2 .11,1 . 41,0 .81, 
0,0,0,0,0,0, ` 
29.2,29.2,30.3,30.3,27.9,27.9,25.5,24.3,23.9,23.4,21.7,21.7,21.7, 
21 . 5,21 . 5", 21 . 5,21 . 5,21 . 5, - 

_sojb;.. _ "1 71 171 1ýa? ýJ. 9a'D,. 5ýO . 8a501 

0. �Pj-003a0"(1036.90-011., 0.016. -0; 121.. )), 031`0"341,0.051a9. r16l-90- 771, 
c3. YJ81aß'1"(r391, f . 101, k1.111,0.121, f'J. 131ar. 1S1, 
ý, G3"CJ01 5s'Jý "CJG33s0"ri335, (7.0'J' $sAJ. ý713,0. r'123, d. r733a^J. ýigZ, G}.; 35: 3s'3.! 7Cý3sý. (373a 
0.103,0.133,0.133 0.133a0. l33s0.13: 3, 
r3s0.4?., 3.54,0.6,0.54,0.47,0.42s! ý. 3$, f7.33,0,21 a 1.17s0.1 5s0.1 1, üi. {77a0 . r77, (3 "05,0 . P7,0.07a 

Y3, C'1.4705,0.5907s9 59a0.5552,0.5281,0.. 6G15a0.3679, '7.? _979, r'j`. 232}3, Q. 1753,0 " 1472,0.651,0.0601, C+, 0, t , 3, 
77.9127.9129.7,29.2127.1,25,25.5125.1,24.6,23.91? 3.1, %? 2.7, 21.7i21.7,21.7a21: 5,21"5s21.2, 
50,37.93., 28"4,27.2,24.68,10.53,6.97,3.36,2.61,2.11,1 
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5O/3 

17,17,1.55 0,24.5,50,50., 
0,0.0015,0. U03,0.0035, U. 008,0.013,0.023,0.033,0.043,0.053,0.063,0.073, 
0.103,0.133,0.133,0.133,0.133,0.133, 
0,0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
0.081,0.091,0.101,0.111,0.121,0.131,0.151, 
0,0.4705', 0.5807,0.59,0.5582,0- 5281,0.460.5,0.3679,0.2979,0.2328, 
0.1753,0.102,0.0651,0.0601,0,0,0, O, 
0,0.4,0.49,0.59,0.56,0.49,0.42,0.33,0.28,0.21,0.17,0.11,0.1, 
0.07,0.06,0.07,0.04,0.07,. 
50,37.93,28.4,27.2,14.68,10.53,6.97.9.1.41,0.81, 
0,0,0,0,0,0, 
32.6,32.6,32.6,32.2,31.5,31 -2.929 -9,29 . 2,26.7. -26.4,4,25.5,25 . 3, 
25.1,25.1,25.1,25.1,25.1,24.8, 
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Sn, 1.570 -05,1.157,1.128,0.286,0.. 272, 
0,0, Os 0.144,0,0,0.5'7,0.57, -7, -7,48,48, 

-ýý ---.. 

_SO/l-- -------- -ý --- 
_ 

17,1 7.9 23.3, 
10,0.0015,0.003,0.01135,0.008,0.013,0.023,0.033,0.043,0.053,0.063,0.073, 
0.103,0.133,0.133,0.133,0.133,0.133, 
0,0.003,0.006,0.011,0.016,0.021,0.031,0.041,0.051,0.061,0.071, 
0.061,0.091,0.101,0.111,0.121,0.131,0.151, 
0,0 . 4705,0.5807,0.59,0.5582,0.5281,0 . 4605,0.3679,0.29 79,0.2328, 
0.1753,0.1402,0.0651,0.0601,0,0,0,0, 

11,. 06,0.54,40.42,0.0 
6,0.06,0.06, 

50,14.68,10.. 53,6.97,3.36,2.61,2.11,1.41, (1.81, 
0,0, Os 0,0,0, 
31.5,31-5,31-5,31-5,31,30.3,27.9,27.1,26.7,25.5,24-3,24.1� 
24.1,24.1,24.1,23.9,23.9,23.6, 

_, 
50/2_.. 

_ _ý 

1 72 17. -1.55 0,25.3: 5n, 50; -- 
0, Q . 0015,0. "003,0.0035,0.008,0.013,0.023,0.033,0.043,0.0 53, fl . 063,0.073, 
0.103,0.133,0.133,0.133,0.133,0.133, 
0,0.003,0.006,0.011, O. 016,0.021,0.031,0.041,0.051,0.061,0.071, 
0.081,0.091,0.101,0.111,0.121,0.131,0.151, 
0,0 . 4705,0.5807,0.59,0.5582,0.5281,0.4605,0 . 3679,0.29 79,0.2328, 
0.1753,0-1402,0.0651,0.0 601,0,0,0,0, 
0,0 . 42,0'. 54,0.59,0.54,0.5,0.42,0.33,0.25,0.21,0.1 7,0.13,0.09, 
0.09,0.07,0.06,0.09,0.06, 
50,37.93,28.4,27.2,14.68,10.53,6.97,3.36,2.61,2.11,1.41,0.81, 
0,0,0,0,0,0, 
33.3,33.3,33.3,32.2j 31.7,31.7,31, 

25.3,25.1,25.1,25.1,25.1, 
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APPENDIX D 

RESULTS OF COMPUTER ANALYSIS OF REPLACEMENT JET MEASUREMENTS AND 
COMPARISON WITH CONVECTIVE RESULTS. 

Vi, DT1, Y Mean convective values from Appendix B. 

VTH, DTTH, Y Theoretical convective predictions. 

V2, DT2, Y2 -Replacement jet measurements... 

._ 

ý, r 
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DT= 10 DEC. C X= 1.55 M 

VELOCITY - 
10/1 

Y V1 V2 Y2 
CM) CM/S) CM/S) CM) 

0.0000 0.0000 0.0000 0.0000 
0.0015 0.2673 0.1900 0.0040 
0.0041 0.3660 0.2400 0.0070 
0.0065 0.3603 0.3600 0.0120 
0.0115 0.3350 0.3200 0.0170 
0.0215 0.2843 0.2700 0'"0220 
0.0315 0.2243 "0.2400 0.0320 
0.0515 '0.1590 0.2100 0.0420 
0.0815 0.1010 0.1700 0.0520 
0.1115 0.0651 0.1500 0.0620 
0.1200 0.0645 0.1100 0.0720 
0.1200 0.0000 0.1000 0.0820 
0.1200 0.0000 0.0900 0.0920 
0.1.200 0.0000 0.0200 0.1020 
0.1200 0.0000 0.0700 0.1120 
0.1200 0.0000 0.0500 0.1220 
0.1200 0.0000 0.0400 0.1320 
0.1200 0.0000 0.0400 0.1520 

TEMPERATURE DIFFERENCE 

Y DT1 DT2' Y2 
CM) DEG 

_C 
DEG C M 

0.0000 10.00 1.20 0.0000 
0.0015 2.25 1.20 0.0040 
0.0041. 7.00 1060 0.0070 
0.0065 4.51 2.10 0.0120 
0.0115 3.42 1.80 0.0170 
0.0215 2.64 1.60 0.0220 
0.0315 1.07 0.80 0.0320 
0.0515 0.79 0.80 0.0420 
0.0815 0.15 0.40 0.0520 
0.1115 0.06 0.20 0.0620 
0.1200 0.06 0.20 0.0720 
0.1200 0.00 0.20 0.0820 
0.1200 0.00 0.00 0.0920 
0.1200 0.00 8.00 0.1020 
0.1200 0.00 0.00 0.1120 
0.1200 0.00 0.00 0.1220 
0.1200 0.00 0.00 0.1320 
0.1200 0.00 0.00 0.1520 

COMPARISON TABLE 
DEV., THEOR. =100 

QUANTITY THEOR TE ST 1 TEST2; _ 

VOLUMECM3/S"M) 1.2 49. "02 2.0 04w-02 1.960. -Q2 DEVIATION 100 160.5 157.0 

MOMENTUMCKGM/S2"M). ' 4. 023. --03 5. 263. -03 4.831. -03 DEVIATION 100 130.8 12 

HEAT CONTENT (W) 3.557. +01 5.005! +01 2.097. +01 DEVIATION 100 140.7 58.9 

MEAN TEMP* DIF" CC) 2.4 
_ 

2.1 0.9 DEVIATION 100 . 87.8 37. i 

12 
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DT= 30 DEG. C X= 1.55 M 

TURBULENT . 
30/ 

BASIC DATA: 
KIN VISCOSITY(M2/S] 1.57. -0S 

DENSITYCKG/M31 1.18 
SPECIFIC HEAT CAPACITYCKCAL/M3DEG Cl 0.263 
DATAs 
V(MAX)tM/S3 0.482. VCI)tt/S7 1.275 
DELTACM7 0.1064 Y(VMAX)CMI 0.0037 
GR 1.517. +10 NUCMEAN) 2.23S"+02 

VELOCITY 

Y VTH V1 V2 Y2 
CM) (M/S) CM/S) (M/S) CM) 
0.0000 0.0000 0.0000 0.0000 0.0000 
0.0015 0.6554 0.3621 0.3300 0.0030 
0.0020 0.6700 0.4422 0.4200 0.0060 
0.0037 0.6850 0.4930 0.4900 0.0110 
0.0070 0.6584 0.4830 0.4200 0.0160 
0.0120 0,5765 0.4530 0.3800 0.0210 
0.0220 0.4030 0.4073 0.3300 0.010 
0.0320 0.2567 0.3621 0.2700 01,0410 
0.0420 0.1498 0.3123 0.2100 0.0510 
0.0520 0.0786 0.2562 0.1900 0.0610 
0.0720 0.0132 0.1509 0.1300 0.0710 
0.1020 0.0000 0.0754 0.0900 0.0810 
0.1320 0.0000 0.0601 0.0600 0.0910 
0.1320 0.0000 0.0000 0.0500 0.1010 
0.1320 0.0000 0.0000 0.0500 0.1110 
0.1320 0.0000 0.0000 0.0500 0.1210 
0.1320 0.0000 0.0000 0.0600 0.1310 
0.1320 0.0000 0.0000 0.000 0.1510 

TEMPERATURE DIFFERENCE 

Y DTTH DTI OT2 Y2 
(M) DEG C DEG C DEG C M 
0.0000 30.00 30.00 3.80 0.00 
0.0015 13.68 24.43 3.80 0.001 
0.0020 13.00 20.89 5.10 0.006 
0.0037 11.43 18.90 4.60 0.011 
0.0070 9.66 13.89 4.10 00016 
0.0120 8.04 6.50 3.60 0.021 
0.0220 6.05 5.57 2.70 0.01 
0.0320 4.73 4.27 2.20 60641 
0.0420 3.73 2.86 1.80 0.051 
0.0520 2.92 2.51 1.00 00041 
0.0720 1.63 1.50 0.80 0.071 
0.1020 0.18 0.84 0.80 0.081 
0.1320 0.00 0.84 0.30 0.091 
0.1320 0.00 0.00 0.10 0.101 
0.1320 0.00 0.00 0.10 0.111 
0.1320 0.00 0.00 0.10 0.121 
0.1320 0.00 0.00 -0.40 04131 
0.1320 0.00 0.00 -0.20 0.15 

QUANTITY 

VOLUMECM3/S. M) 
DEVIATION 

MOMENTUM(KGM/S2. M) 
DEVIATION 

HEAT CONTENT (W) 
DEVIATION 

MEAN TEMP. DIF". " (C) 
DEVIATION 

COMPARISON TABLE 
DEV., THEOR.  100 

THEOR TEST 1 

1.938. -02 2.747. -02 
100 141.7 

1.065. -02 1.069. -02 
100 100.4 

1.627.. 02 1.956.. 02 
100 1 *a_0 

7.1 
6.0, 

100 84.9 

TEST2 

2.355. -02 
121.6 

8.413. -03 
79.0 

7.775. "01 
47.11 

2. Q 
39.3 
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DT= 30 DEC. C X= 1.55 M 

VELOCITY 30/2 

Y V1 V2 Y2 
CM) (M/S) (M/S) CM) 
0.0000 0.0000 0.0000 0.0000 
0.0015 0.3621 0.3800 0.0030 
0.0020 0.4422 0.4200 0.0060 
0.0037 0.4930 0.4900 0.0110 
0.0070 0.4830 0.4200 0.0160 
0.01'20 0.4530 0.3800 0.0210 
0.0220 0.4073 0.3300 0.0310 
0.0320 0.3621 0.3000 0.0410 
0.0420 0.3123 0.1900 0.0510 
0.0520 0.2562 0.1500 0.0610 
0.0720 0.1509 0.1300 0.0710 
0.1020 0.0754 0.1100 0.0810 
0.1320 0.0601 0.1000 0.0910 
0.1320 0.0000 0.0600 - 0.1010 
0.1320 0.0000 0.0600 0.1110 
0.1320 0.0000 0.0300 0.1210 
0.1320 0.0000 0.0200 0.1310 
0.1320 0.0000 0.0500 0.1510 

TEMPERATURE DIFFERENCE 

Y DT1 DT2 Y2 

, 
(M) DEG. C DEG C M 
0.0000 30.00 5.20 0.0000 
0.0015 24.43 5.20 0.0030 
0.0020 20.89 4.70 0.0060 
0.0037 18.90 4.70 0.0110 
0.0070 13.89 4.70 0.0140 
0.0120 8.50 3.00 0.0210 
0.0220 5.57 2.80 0.0310 
0.0320 4.27 2.30 0.0410 
0.0420 2.86 1.90 000510 
0.0520 2.51 1.40 0.0410 
0.0720 1.50 0.90 0.0710 
0.1020 0.34 0.40 0.0810 
0.1320 0.84 0.20 0.0910 
0.1320 0.00 0.20 0.1010 
0.1320 0.00 0.20 0.1110 
0.1320 0.00 0.40 0.1210 
0.1320 0.00 0.90 0.1310 
0.1320 0.00 0.20 0.1510 

QUANTITY 

COMPARISON TABLE 
DEV., THEOR. =100 

THEOR 

1.938. -02 
100 

1.065. -02 
100 

1.627. +02 
100 

TEST I 

2.747. "02 
141.. 7 

1.069. "02 
100.4 

1.956. +02 
1 ?A .7 

VOLUMECM3/S. M) 
DEVIATION 

MOMENTUMCKGM/S2. M) 
DEVIATION 

HEAT CONTENT (W) 
DEVIATION 

MEAN TEMP. DIF. CC) 
DEVIATION 

7.1 
600 

100 84.9 

TTE P 

2.413. -02 
124.5 

8.628. -03 
81.0 

8.12 1 
49.9 

2. P 
40.1 

a 
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DT= 50 DEG* C X= 1.55 M 

VELOCITY 50/1 

Y V1 V2 Y2 
CM) (M/S) (M/S) CM) 
0.0000 0.0000 0.0000 0.0000 
0.0015 0". 4705 0.3800 0.0030 
0.0030 0.5807 0.5400 000060 
0.0035 

. 
0.5900 0.5880 0.0110 

0.0080 0.5582 0.5400 0.0160 
0.0130 0.5281 0.4700 0.0210 
0.0230 0.4605 0.4200 0.0310 
0.0330 0.3679 0.3300 0.0410 
0.0430 0.2979 0.2700 0.0510 
0.0530 0.2328 0.1900 0.0610 
0.0630 0.1753 0.1300 0.0710 
0.0730 0.1402 0.1100 0.0810 
0.1030 0.0651 0.0600 0.0910 
0.1330 0.0601 0.0500 0.1010 
0.1330 0.0000 0.0900 0.1110 
0.1330 0.0000 0.0600 0.1210 
0.1330 0.0000 0.0600 0.1310 
0.1330 0.0000 0.0600 0.1510 

TE MPERATURE DIFFERENCE 

Y DTI DT2 Y2 
CM) DEG_C DEG C M 
0.0000 50.00 8.20 0.0000 
0.0015 37.23 8.20 0.0030 
0.0030 25"40 8.20 0.0060 
0.0035 27.20 13.20 0.0110 
0.0080 14.68 7.70 0.0160 
0.0130 10.53 7.00 0.0210 
0.0230 6.97 4.60 0.0310 
0.0330 3.36 3.80 0.0410 
0.0430 2.61 3.40 0.0510 
0.0530 2.11 2.20 0.0610 
0.0630 1.41 1.00 0.0710 
0.0730 0.81 0.80 0.0810 
0.1030 0.00 0.80 0.0910 
0.1330 0.00 0.80 0.1010 
0"J330 0.00 0.80 0.1110 
0.7330 0.00 0.60 0.1210 
0.1330 0.00 0.60 0.1310 
0.1330 0.00 0.30 0.1510 

COMPARISON TABLE 
DEV., THEOR. =100 

QUANTITY THEOR TES TI EST2 

VOLUME(M3/S"M) 2.377. -02 2.94 8. -02 2.801. -02 DEVIATION 100 124.0 11 8 

MOMENTUM(KGM/S2. M) 1.658. -02 1.2 72. -02 1.244; -02 DEVIATION 100 76.7 75.0 

HEAT CONTENT (W) 3.36 2. +02 2 . 785. +02 1.75 2 DEVIATION 100 82.8 52.1 

MEAN TEMP. DIF. (C) 11.8 7.9 
DEVIATION 100 66.9 ""532 44.3 

1 
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CONVECTIVE CURRENT 
DT= 50 DEC. C X. 1.55 M 

TURBULENT 50/2 

BASIC DATA: 
KIN VISCOSITYCM2/S] 1.57. -05 
DENSITY[KG/M37 1416 
SPECIFIC HEAT CAPACITYCKCAL/M3DEG Cl 0.2: 6 
DATAt 
VCMAX)CM/S] 0.880 V(1)[M/S7 1.616 
DELTA[M) 0.1011 Y(VMAX)[M3 0.0033 
GR 2.529. +10 NU(MEAN) 2.7 42. +02 

VELOCITY 

Y VTH V1 V2 Y2 
(M) (M/S) (M/S) (M/S) (M) 
0.0000 0.0000 0.0000 0.0000 0.0333' 
0.0015 0.8497 0.4705 0.4200 0.000 
0.0030 0.8829 0.5807 0.5400 0.0060 
0.0035 0.8843 0.5900 0.5900 1.0110 
0.0080 0.8240 0.5582 0.5400 0.0160 
0.0130 0.7081 0.5281 0.5000 0.0210 
0.0230 0.4745 0.4605 0.4200 0.0310 
0.0330 0.2888 0.3679 0.3300 0.0410 
0.0430 0.1589 0.2979 0.2500 0.0510 
0.0530 0.0769 0.2328 0.2100 0.0610 
0.0630 0.0310 0.1753 0.1700 0.0710 
0.0730 0.0094 0.1402 0.1300 0.0110 
0.1030 0.0000 0.0651 0.0900 0.0910 
0.1330 0.0000 0.0601 0.0900 0.1010 
0.1330 0.0000 0.0000 0.0700 0.1110 
0.1330 0.0000 0.0000 0.0600 0.1010 
0.1330 0.0000 0.0000 0.0900 0.110 
0.1330 0.0000 0.0000 0.0600 0.1510 

TEMPERATURE DIFFERE NCE 

Y DTTH DTI DT2 Y2 
CM) DEG C DEG C DEG C M 
0.0000 50.00 50.00 8.00 0.00 
0.0015 22.60 37.93 8.00 0.003 
0.0030 19.75 28.40 8.00 0.006 
0.0035 19.08 27.20 6.90 0.011 
0.0080 115.20 14.68 6.40 0.010 
0.0130 12.70 10.53 6.40 0.021 
0.0230 

' 
9.53 6.97 5.70 0.031 

0-0330 7.39 3.36 5.00 0.041 
0.0430 5.75 2061 1.60 0.051 
0.0530 4.41 2011 1"10 00061 
0.0630 3.27 1.41 0.90 0.071 0.0730 2.27 0.111 0.40 0.081 
0.1030 0.00 0.00 0.40 0.091 
0.1330 0.00 0.00 0.00 0.101 
0.1330 0.00 0.00 -0.20 0.111 
0.1330 0.00 0.90 "0.20 0.121 
0.1330 0.00 0.00 -0.20 0.11 
0.1330 0.00 0.00 -0.20 0.151 

COMPARISON TADLE 
DEV., THEOR .  100 

QUANTITY THEOR TEST 1 TEEST2 

VOLUMECM3/S. M) 2.377. -02 2.9 48. "02 2.9 49""02 DEVIATION 100 124.0 12.4' 1 
MOMENTUM(KGM/S2" M) 1.658. -0 2 1. 272. -02 1. 07"-02 DEVIATION 100 76.7 'fQ. B 

HEAT CONTENT CW) 3.362. +02 2.785.102 1.649 DEVIATION 100 82.8 49 .5 .8 
MEAN TEMP. DIF. CC) 11 .8 7"9 4.7 DEVIATION 100 66.9 40.2 
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CONVECTIVE CURRENT 

DT= 50'OEG" C X= 1.55 M 

TURBULENT 
BASIC. DATAs 
KIN VISCOSITYCM2/S] 1.57. "05 
DENSITY[KG/M3] 1.16 
SPECIFIC, HEAT CAPACITY[KCAL/M3DEG C] 0.294 
DATA: 
V(MAX)EM/S]' 0.880 V(1)[M/5] 
DELTA(M] 0.1011 Y(VMAX)IM] 
GR 2.529. +10 NU(MEAN) 

50/3 

10646- 
. 8 001135 

2.742. "02 

VELOCITY 

Y VTH VI V2 Y2 
CM) CM/S)" CM/S) (M/S) CM) 
0.0000 0.0000 0.0000 0.0000 0.0000 
0.0015 0.8497 0.4705 0.4000 0.0030 
0.0030 0.8829 0.5807 0.4900 0.0860 
0.0035 0.8843 0.5900 0.5900 0.0110 
0.0080 0.8240 0.5582 0.5600 0.0160 
0.0130. 0.7081 0.5281 0.4900 0.0210 
0.0230 0.4745 0.4605 0.4200 0.0310 
0.0330 0.2888 0.3679 0.3300 000410 
0.0430 0.1589 0.2979 0.2800 0.0510 
0.0530 0.0769 0.228 0.2100 0.0610 
0.0630 0.0310 0.1753 0.1700 0.0710 
0.0730 0.0094 0.1402 0.1100 0.0810 
0.1030 0.0000 0.0651 0.1000 0.0910 
0.1330 0.0000 0.0601 0.0700 0.1010 
0.1330 0.0000 0.0000 0.0600 0.111e 
0.1330 0.0000 0.0000 0.0700 0.1210 
0.1330 0.0000 0.0000 000400 0.110 
0.1330 0.0000 0.0000 0.0700 0.1510 

TEMPER ATURE DIFFERENCE 

Y DTTH DTI DT2 Y2 
(M) DEG C DEG C DEG C M 
0.0000 50.00 50.00 8.10 0.00 
0.0015 22.40 37.93 8.10 0.001 
0.0030 19.75 28.40 6.10 0.0X6 
0.0035 19.08 27.20 7.70 0.011 
0.0080 15.20 14.68 7.00 0.016 
0.0130 12.70 10.53 6.70 0.021 
0.0230 9.53 6.97 5.40 0.03% 
0.0330 7.39 3.36 4.70 0.0 41 
0.0430 5.75 2.61 2.20 0.051 
0.0530 4.41 2.11 1.90 0.061 
0.0630 3.27 1.41 1.00 0.071 
0.0730 2.27 0.01 0.80' 0.8151 
0.1030 0.00 0.00 0.60 0.091 
0.1330 0.00 0.00 0.60 0.101 
0.1330 0.00 0.00 0.60 0.111 
0.1330 0.00 0.00 0.60 00121 
0.1330 0.00 0.00 0.60 0.11 
0.1330 0.00 0.00 0.30 0.151 

COMPARISON TABLE 
DEV. " THEOR. =100 

QUANTITY THEOR TE ST 1 TEST2 

VOLUME(M3/S. M) 2.377. -02 2.9 48. -02 2.9 4. -O2 DEVIATION 100 124.0 .4 
MOMENTUMCKGM/52. M) 1.658. -02 1. 272. -02 1.295. -02 DEVIATION 100 76.7 

-7101 
HEAT CONTENT (W) 3.362 . +02 2.7$5. +02 1.747. +02 DEVIATION 100 . 82.8 52.0 

MEAN TEMP. DIF. CC) 1 1.8 7.9 5.0 DEVIATION 100 66.9 42.1 
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