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Horizontal heated jets have found a wide application in combustion and ven-
tilation technology in food processing and chemical engineering. Their prediction is
important in solving problems of present interest, concerning decrease of the environ-
mental pollution caused by waste gases and liquids discharged from power plants. Jets,
which issue horizontally from a round nozzle into a denser quiescent ambient fluid follow
a curved trajectory in response to the influence of buoyant forces. In most of the pub-
lished mathematical models of such jets the flow is assumed to be axisymmetrical. The
analysis methods, proposed for horizontal heated, jets have generally been integral [1].
In [2] a differential method and a simple mean flow turbulence model for non-vertical
jets have been described. In [3] a k — ¢ model, with algebraic stress/flux expressions
for horizontal free shear flows was developed. The available experimental studies of
horizontal heated jets are restricted to measurements of the jet centre-line trajectory
and the centre-line temperature. In the publications there is not enough experimental
data supporting the assumption of axial symmetry.

In the present paper two turbulence models are employed to study a horizontal
heated round jet: a k — £ — ' model and a second order model. The predictions of
these models are compared with our own measurements and experimental data of other
authors [4] in order to determine the constants in the models, which best match the
experimental jet trajectory, mean velocity distribution and mean temperature distri-
bution. Since our measurements are taken as a basis for improvement of theoretical
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models, it is necessary to calculate the measurement errors and thus to evaluate the
data reliability.

An experimental setup of the Dept. of Hydroareodynamics at the Technical
University — Sofia is used for the investigation of horizontal heated round air jets. Sin-
gle measurements of mean velocity and mean temperature are performed. The random
errors are not determinative for the measurement accuracy. More details about the
experiment conditions are presented in [5]. The mean temperature is measured using
6 thermocouples copper-constantan and a self-balancing potentiometer KSP-4. The
maximal absolute measurement error is £2.5°C. It is determined taking into consid-
eration the basic admissible error of the potentiometer and the admissible calibration
error of the thermocouples [6]. The mean velocity is measured using a 3mm diameter
Prandtl tube and a differential micromanometer. The maximal relative error of velocity
measurements is +1.4 %. It is calculated taking into consideration the basic admissible
error of the micromanometer and the error of calculating the air density [7], which is
obtained by using the state equation for ideal gas. The Prandtl tube is unsensitive to
deviation from the flow direction. The measured and the real dynamic pressure are
equal up to a deviation angle of @ = 16°. When a = 20° the measured dynamic pres-
sure is 5 % lower than the real one [6]. When Re= Vd/v < 700 (V < 3.5 m/s) the tube
coefficient ¢ (from the equation for velocity calculation V = ((2p4/p)!/?) decreases and
when Re= 300(V = 1.5 m/s) ¢ is 6% lower than 1 [6].

The conservation equations for an axisymmetric horizontal buoyant jet in terms
of the boundary layer approximation can be written as follows:

continuity:
(1) 8(pu)/02 + (1/4)8(ypv) /8y = 0

Tz — momentum:

(2) p(udu 0z + vdu[dy) = —(1/y)d(ypu'")[dy + (pa — p)gsin,
y — momentum:

(3) @8/02) [ pilydy =go0st [ (pu = Py,
energy:

@ p(udt /93 + v0t[8y) = ~(1/3)0(ypvT) [0y

The system (1)-(4) is closed using the state equation for ideal gas and the turbulence
models equations, which can be written as:

(8) p(ud4/0z + vi¢/dy) = (1/y)d(yT'40¢/dy)/dy + Ss.
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The values of ¢,y and Sy are shown in Table 1. The constants in the models are
shown in Table 2, 3. The governing equations are solved numerically by means of a
modification of the Patankar-Spalding finite-difference procedure [8]. The equations
(1)-(5) are solved at the following boundary and initial conditions: at the jet boundary
z>0,y—> o00,t=1t,u=0,¢ = 0; initial conditions z = 0, t = tp, u = Vp,
k = ko = 0.008VZ, ¢ = g9 = 0.002Vg/ Do, 1”2 = (t2)o = 0.008(toc — to)?. For the cases
of our own experiment, the initial temperature profiles are not uniform in conformity
with the experiment. Initial distributions of the Reynolds stresses and the turbulent
heat fluxes are provided for the second order model [5]. The calculated and measured
iso-velocity and isothermal lines for a jet Fro = 447, to. — t, = 57°C, t, = 21°C,
Vo = 6.25m/s are compared in Fig.1-4. The maximal relative measurement error
of (t —t,)/(toc — ta) = 1 is 9% and of (t — t4)/(foc — ta) = 0.5 is £13%. The
maximal relative error of V/Vy is £2 % except for the outer region. The models results
are in good agreement with the experiment, except for the higher values of velocity
and temperature along the jet centre-line. The calculated centre-lines for the regimes
Fro = 447 and 60 lie higher than the experimental ones - Fig. 5.

In summary, it was found that the results obtained with the models in this work
are in conformity with the experimental data but discrepancies exist, which cannot be
eliminated only by changing the constants. Further research is needed after supplying
the missing experimental information about the turbulent characteristics of the flow.
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_ Table 1
Equation ¢ Ty » S¢ -
turbulent kine- k& i—T ur(0u/dy)? + Blpg-Ca(t2k)1/2~
tic energy 2 * gy(pr/Prr)ot/dy) — pe
dissipation £ ';—T {CreuT(0u)0y)? + C3.B[pgCa(t2k)1/2 -
rate ’ —9y(pr/Pr7)0t/0y] — Caepele/k
temperature 12 ';l Chour(0t/dy)? — pet | (RE)
fluctuation 2 t
turbulent kine- k  C,pv?k/e pl—u'v'0u/dy + B(gw't + g, v't") — €]
tic energy b
dissipation k  cpvkfe pl—Crew'v"0u /By + C3c(g-u't'+
rate P +9,v't) — Ca.ele [k
Equation ¢ Ty S¢
temperature 12 C,pvk[e p[-2v'00t /By — et [(RE))
fluctuation P
Reynolds W Cspv?kfe  p[—(1 - C3)v20u/dy + (1 — C3)B(gv"t'+
stresses P +9,u't’) — Cru'v'e [k]
v?  Cspv?k[e  p[(1-2C3/3)B2,0'F — C1(v® — 2k/3)e k-
—(2C3/3)u'v'du/dy + C3p2g,u't' |3 — 2¢/3]
heat VT Cipv2kfe  p[-v28t/dy + (1 — Cat)gyt”? — Crkv't [e]
- fluxesP w't  Cipvk/e pl—u"'0t[dy — (1 - Ca.)v'¥0u/0y+

(1 = C3¢)Bgst? — Creku't' [e]

a — k — ¢ — t' model, b — 2nd order model. g, = g siné, g, = d cos 6

k — & —t model Table 2

Ref C. Ci, Cae Ci . Ciy C4

(5] 0.09(1-0.465F) 1.43 1.92(1-0.035F) 143 222 05

this work  0.09(1-0.465F) 1.44 1.92(1-0.035 F) 144 222 05
Ref R o o, o Prr
(5] 0.8 1 1.3 0.9 0.5
this work 0.8 1 1.3 09 0.6

F = |(%1/24/2uc)(du/dz — |du./dz])|°2, 3,72, — jet half width
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2nd order model Table 3
Ref C, Cy C, Cs Ce Cu Cau Cy
(9] 0.22 3 0.3 0.3 0.2 2.85 0.55 0.55
(5] 0.22 3 0.53 0.53 0.2 3.2 055 0.55
this work  0.22 3 0.53 0.53 0.2 32 055 0.55
Ref C; C], Cz; Cae Cq R
[9] 0.15 14 1.8 098 0.11 0.56
(5] 0.15 14 1.8 14 011 0.56

this work  0.15  1.43 1.8 143 0.11 0.56

Nomenclature: Dp—jet diameter at exit; d — Prandt]l tube diameter; Frg —
V§
9Do(pa — p)/po
and temperature; g — acceleration of gravity; ps — dynamic pressure; Prr — turbulent
Prandtl number, ¢ — time mean temperature; u — z-component of time mean velocity;
V - time mean velocity; v — y-component of time mean velocity; ¢ — distance from
nozzle exit along jet centre-line; X — horizontal distance from exit along nozzle axis; y
— radial distance from jet centre-line; Y — horizontal distance from X—axis; Z — vertical
distance from X-axis; 3 — isobaric volume expansivity = —(8p/0t)/p; 6 — angle between
z-axis and a horizontal; ur — turbulent dynamic viscosity; » — kinematic viscosity; p —
density. Subscripts: a — ambient condition; ¢ — centre-line condition; o - exit condition.

Superscripts: ( ) - fluctuating quantities; ( ) — time mean quantities.

Froude number at exit Frg = in case of uniform profiles of velocity
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