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On the Non-Local Turbulent Transport
and Non-Gradient Thermal Diffusion
Phenomena in HVAC Systems

The turbulence structure investigation is essential for understanding the
physics of flow-thermodynamic processes in Heating, Ventilation and Air
conditioning (HVAC) systems. Analysis and calculation of these systems
are based on the knowledge of turbulent transfer mechanism and its
modeling. In this regard, the paper analyzes the phenomena of non-local
momentum transfer and non-local transfer of energy by heat in curved
channels, asymmetric jets, wakes and swirling flow. The physics of non-
gradient turbulent diffusion and negative production in velocity and
temperature fields are analyzed. There was a certain analogy between the
turbulent processes in these classes of flow. By means of numerical
processing of experimental results, modeling of non-local transport in

turbulent swirling flow was conducted.
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1. INTRODUCTION

Almost all flows in nature and engineering are
turbulent. This is no accident. Although it is one of the
most complex flows, there is a tendency of establishing
turbulent flow in all devices of the energetic systems.
This provides improvement in mass, momentum and
energy transport, but problems occur due to increased
pressure drop and flow resistance, as well as in the
analysis of such devices. Scientific community is still
focused on the problem of closing the system of
Reynolds equations. There is a need for modeling, i.e.
establishing a link between the Reynolds stress tensor
and the components of the mean flow field [1].

One of the important places in the turbulence
modeling belongs to the so called gradient models [2].
Here we have local connections of both linear and
gradient type between the Reynolds stress tensor and the
components of the mean flow field, in accordance with
the concepts of the theory of transfer based on the ideas
of Boussinesq (1877, -97), Taylor (1915, -32, -35),
Prandtl (1925, -42) and Karman (1930). However, in
certain classes of flows important for technical practice,
in some areas of the flow field, there can be non-
gradient transport processes [3], like processes of non-
local turbulent transport and non-local turbulent
diffusion. It is clear that in those areas of the flow field
one can not apply gradient model. That is why those
non-local processes must be further analyzed if one
wishes as closely as possible to access the modelling of
turbulent exchange mechanism. In these areas of
turbulent flow there is also a negative production
phenomenon [4, 5] which implies that the transport of
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kinetic energy of turbulence is carried out from small to
large scale eddies.

The zone of non-gradient turbulent diffusion and
negative production in the turbulent mixing layer with
an asymmetrical profile of average temperature was
investigated in [6]. The existence of non-local turbulent
transport was found in asymmetric wake of a heated
cylinder [3], and non-gradient turbulent diffusion of
heat in the wake of a cylinder is studied in [7].

HVAC systems consist of many complex duct
components in which the flow is highly turbulent [8],
and because of the geometry there appear non-local
transport processes too. The aim of this paper is to
analyze the physics of the non-local turbulent transport
and negative production phenomena in velocity and
temperature fields that are present in the HVAC
systems. For this purpose, the flows in a curved channel,
in asymmetrical jets and wakes of cylinders are
considered. Based on experimental measurements in [9],
the paper provides an original contribution to the
analysis and modeling of non-local turbulent transport
in a turbulent swirling flow in a pipe.

2. GOVERNING EQUATIONS

The equations governing the motion of a fluid in a
turbulent flow and the turbulent transport of momentum
and transport of energy by heat are the averaged
continuity equation for an incompressible flow

divU =0, V-u=0, (1)

averaged Navier-Stokes equation, known as Reynolds
equations, in vector form, without body forces

div(UU)=-V(P/p)+WU-V-"  (2)
and the advection-diffusion equation for heat

PeU VT ==V (kT + pcy (tw) ) . 3)
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The dyad ER =(UU)=(U®uU) in (2) is called the

Reynolds stress tensor. It appears as a result of the
Reynolds decomposition and the Reynolds averaging
process applied to the nonlinear advection term. This is
a new unknown that represents the transport of
momentum caused by turbulent fluctuations. The
determination of the components of this tensor

z'i'JR =(Ujuj) is one of the main objectives of turbulent

research. The turbulent term (tu) in (3), which has

arisen from averaging the diffusion equation for heat, is
clearly analogous to the Reynolds stresses [1,2].

The vector-invariant nature of the equations (1) — (3)
is of great importance in practical computations. In
particular, for Cartesian coordinates, these equations are
written as

oju; =0, aju;=0, )
UJ6JU, =—6,(P/p)+6jr:;, (5)
U;o;T =0,Q], (6)

*
where Ti]f and Q j are mean momentum fluxes and

the mean heat flux

Tﬂf :VajUi—<Uin> @)
Qj =ad;T —(tuj). )

The analogy between (7) and (8) is “the analytical
foundation for the belief that turbulence may transport
heat in much the same way as momentum” [1].

Another analogous form of the equations (5) and (6)
can be obtained by using (7) and (8)

UjajUi:vajjUi—aj<uiuj>—p_18iP (9)

The mean equations (4), (9) and (10) are not closed,
and some terms, principally the Reynolds stresses
(uiuj) and the turbulent heat flux (tu j>, need to be

modeled.
3. NON - LOCAL AND NON — GRADIENT

CHARACTER OF THE TURBULENT TRANSPORT
AND THERMAL DIFFUSION MECHANISMS

In many turbulent flows the unknown turbulent fluxes
of momentum and heat in (9) and (10) are modeled by
the analog local relations of gradient-diffusion, i.e.
Boussinesq, type

1
—<Uin>=VBR(ajUi+ain)—§<g'g>§ij, (11)
~Wj)=afo;T < —(twW=afVT, (12)
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where the lower index B indicates that the quantity
originates from the Boussinesq concept of turbulence
modeling. The basic problem is determining quantities
VBR and aBR . In more complex turbulent shear flow it is
assumed that the eddy viscosity is a second-order tensor

(vR ) or a fourth-order tensor (vR ) , while the eddy
ik ijkl

thermal diffusivity is a tensor of the second-order, hence
(11) and (12) become [2]

—(Uiu;) = Vg)' (akUjJraJUk)’ (13)

U=

J (VBR)J |(6|Uk +8kU|),
_<tuj>:(a§)ji ;T . (14)

Modern research of turbulent momentum transport
and energy transport by heat mechanisms show that the
physics of the process can not be entirely reduced to a
local gradient-diffusion type models, which are
described by analytical expressions (11) — (14), as it
follows from further physical-mathematical analysis
presented in this paper.
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Figure 1. Non-gradient turbulent transport in a fully

developed turbulent flow in a curved channel: a)

experimental distributions of mean axial velocity U and

Reynolds stress —(uv) ; b) calculated distribution of eddy

viscosity VBR in accordance with the Boussinesq model.

Other signs: MN - the displacement zone of turbulent
transport; y — distance from the inner wall of the channel;

h - channel width; Ug — average (by area) velocity.
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By analyzing the experimental results presented in
[4] is shown, for example, that in one-dimensional
developed turbulent flow in a curved channel, in a
certain area of the channel, occurs the non-gradient
turbulent transfer phenomenon. Namely, in Figure 1a is
observable characteristic domain MN  of the channel
cross section which is determined by the relations

oy, =0, ()l =0, (15)

in which the turbulent stress —(uv) and mean velocity

gradient are of the opposite sign. In this case (11)
simplifies considerably, so that by use of (15) the

following values for the eddy viscosity vg are

obtained:
—~uv) =vBa U
y
4 (16)
lim VR = o0, R‘ <0, R‘ 0.
o BT By "Bly

The functional dependence v§ (), as calculated via

(15) and (16), is shown graphically in Figure Ib.
Physically unacceptable values of the eddy viscosity

VBR in the MN zone, including its boundaries, are

indicators of the non-local turbulent transport of
momentum and the non-gradient turbulent diffusion
phenomena. In the MN domain of the cross-sectional
area of the curved channel gradient model must be
generalized, as will be demonstrated later in this paper.
Analogous mechanisms in the processes of turbulent
momentum transport and transport of energy by heat are
observed also in non-local turbulent transport. The
asymmetric mean velocity profile in Figure 1 is
analogous to the asymmetric profile of the mean
temperature in Figure 2, which is determined
experimentally in asymmetrically heated wake of a

cylinder [3]. With points M(ayT:o) and

N ((tv) =0) thin area of non-local energy transport by

heat is confined. In that area the turbulent heat flux and
the mean temperature gradient have opposite signs. In
accordance with (12), the turbulent thermal diffusivity
in this case is negative. In fact, from (12) in the zone of
non-gradient transport MN , the so called displacement
zone, one can apply expressions analogous to (16), in

which, according to the equation —(tv):agayT,

should instead U, v,_Ef and U , include t, ag and T
respectively. Non-gradient turbulent diffusion is shown

as a curve in the system (8yT,—<tv)) in Figure 2b. That

curve, in case of a gradient transport, would be reduced
to a curve that passes through the origin, and this would,
in the case of a constant diffusivity be reduced to a
straight line.

Transport phenomena in a wake of a cylinder are of
great interest in thermal engineering, technology and
fundamental research. In the flow around a heated
cylinder temperature rise does not cause a change of
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density and flow dynamics. The paper shows that in this
class of flow there is a non-local turbulent thermal
diffusion.
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Figure 2. Non-gradient turbulent heat flux in an
asymmetrically heated wake: a) distributions of mean
temperature T and turbulent heat flux —(tv) across the

wake (flow width); b) the variation of —(tv) with mean
temperature gradient 6yT . Other signs: T;;; — maximum

temperature rise above the ambient; w, — wake defect
velocity; y — coordinate axes in the lateral direction of the
flow; D - cylinder diameter.

Based on experimental data from [7], the mean

square temperature fluctuations <t2> and lateral
transport of the square of temperature fluctuations

—(tzv) are shown in Figure 3a. In the equation of
temperature-fluctuation variance correlations of third-

order <t2V> describe turbulent diffusion of the quantity

<t2>. By applying numerical calculations on the

measurement results from [7] and with use of the
gradient-diffusion type model (12) and (14) is obtained

—(t?v) = a;ayaz)
U

= +o0 in M; ay<t2>‘M -0
1

, (17)
o [=0inN; v)‘ —0
as, N
Y |<0in NM, zone
— 4w in M dM;atz‘ —0,
o in M, and M3; 0y >M3,M2
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where atRz’ = (ag )t2 . Numerical results are graphically

shown in Figure 3b. Calculated values of the eddy
thermal diffusion show its considerable changes in the
lateral direction, as well as physically unacceptable, i.e.
negative values in the displacement zone NM,, and an

infinite ones near the vertical asymptotes in the points
M;, M, and M5, where 6y<t2) =0. In these parts of

the flow field the turbulent transport is counter gradient
and can not be described by a gradient model (17).
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Figure 3. Non-gradient thermal diffusion in a turbulent
wake flow of a mildly heated cylinder: a) Profile of
temperature fluctuations and lateral transport of t2 with
the displacement zone NM3 ; b) Lateral distribution of

turbulent thermal diffusivity. Other signs: T, — maximum
wake temperature overheat; U - free stream velocity; y —
lateral coordinate; D — cylinder diameter.

Research shows that in areas where non-local
turbulent momentum transport, non-local transport of
energy by heat and non-gradient turbulent diffusion
occur there also appear the phenomenon of negative
production of velocity and temperature fluctuations
intensities. This is confirmed in flows in a curved
channel and wakes that were analyzed in this paper.
Since turbulent jets are of great importance for the
HVAC systems, the phenomenon of negative
production is observed in one of these flows. For this
purpose here are analyzed the experimental results
obtained from [6]. Mildly heated plane jet is discharged
in a peaceful environment and in a homogeneous flow.
The temperature differences were small, so that the
buoyancy effects were neglected. In such homogenous
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turbulent flow with asymmetric mean profiles of
velocity U and temperature T, along with counter
gradient transport in the displacement zone NM (Fig.
4), there also appears a negative production of
temperature fluctuations intensities. By means of
numerical analysis of experimental data from [6] the
distribution of eddy thermal diffusivity

ag = —(tv)/6yT is obtained, and it is shown in Fig. 4.

8000 0 T ) ]
100R B
R o R
% 0 ! !
400 | N Ml ]
0'1-0.4 0.1 ° :
_ (tv)dyTd : Y-¥n
R e B L
15 a1 05 . 0 0.5 1

Figure 4. Negative production of temperature fluctuations
intensity in the displacement zone NM (P <0) and

distribution of eddy thermal diffusivity aBR in a mixing
layer. Other signs: | — scale for the thermal field; Uy, -
velocity on the lower side of the jet; T;; — maximum
temperature of the jet fluid; T — ambient temperature; d
- discharge slot width; y, — location of the maximum

temperature difference Ty, —Te in the lateral direction of
the flow.

It may be observed, analogous to (17), that ag is
negative in NM zone and infinitely large near the

. . R .
temperature maximum aVT|M =0. Quantity ag is

equal to zero at the point N ((tv) =0), which represents

the second confining point of the displacement zone
MN . Using the measurement results and the expression

® =—(tv)0yT, the production of temperature

fluctuations is calculated and its distribution in
dimensionless form is shown in Figure 4 as a function

of dimensionless lateral coordinate 7; =(y— Yy )/t -

The dimensionless production B is negative in the

displacement zone MN, the later being a result of a
displacement between the points in witch quantities
dyT and (tv) are equal to zero. Physically this means

that the direction of heat diffusion is opposite to the
mean gradient diffusion. The negative production is a
consequence of the eddy flow structure dynamics. There
are a lot of papers in which modeling of non-local
turbulent transport and negative production is based on
a computer program for kK —& model, like for example
[10]. In this paper, however, the assumption of
Townsend [11] on the bimodal structure of the turbulent
transport mechanism, i.e. that the turbulent flux of
momentum, heat etc. can be represented in the form of
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transport by small scale eddies and by large scale
eddies, is used. This physical idea made it possible the
modeling of non-local turbulent transport of momentum
in turbulent swirling pipe flow, which is conducted in
next section.

4. TURBULENCE MODEL FOR NON - LOCAL
TRANSPORT IN SWIRLING FLOW

In the HVAC and other energetic systems turbulent
swirling flows are inevitable. Research of the flow-
thermodynamic processes in such flow is considerably
difficult, because it is a three-dimensional
inhomogeneous anisotropic  turbulent flow. The
influence of the swirl, which is formed by different
distributions of circumferential velocity, is expressed in
a complex structure of turbulence and complicated
mechanism of turbulent transport processes. The
existence of the vortex core, shearing layer, the wall
area, and even the recirculation flow makes physical-
mathematical modeling of such flow very complicated.
Research shows that in different areas of swirling flow
there is a non-local turbulent momentum transport, non-
local transport of energy by heat, as well as the counter
gradient turbulent diffusion.

Using own measurement results from [9] the
analysis of the non-local turbulent transport in a
swirling pipe flow is conducted. In Figure 5a are
graphically shown measured values of axial velocity U

and the Reynolds stresses —(uv) and —(v2>. It is
observed that the normal turbulent stress in the radial

direction —(Vz) reaches its highest value in the shearing
layer and vortex layer, which include coaxial region
0<r/R<0.4. Especially characteristic of the swirling
flow is the change of sign of the shear stress —(uv) at
the point N . This correlation moment reaches its
greatest value in the shearing layer, and then decreases
towards the axis and the main flow. The physical
meaning and the sign of the mixed correlation moment
(uv) show that the transport of the axial momentum is
radial from the shearing layer towards the pipe axes, so
that the axial velocity profile of the vortex core
downstream becomes more even. Axial velocity reaches
a maximum at the point M , where 0,U =0.

By applying numerical calculations on the
experimental results, on the basis of expressions (13) for
anisotropic viscosity field, the following relations for
the radial flux of momentum and the corresponding
component of the eddy viscosity tensor are obtained

—(uv) = (v§ )rx &,U
Il

<0 in MN zone (18)
R 0 . _
(vB )rx =0inN; ()|, =0

— o0 for M =M™ (8,U] = =0).

These relations are analogous to expressions (16)
and (17), indicating that in the MN zone there can be a
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transformation of fluctuating flow energy into the mean
flow energy, which leads to negative production of
kinetic energy of turbulence. This means that a complex
interaction between the mean and fluctuating fields is
not strictly local, which, according to the Boussinesq
model, suits the transport by the small scale turbulent
eddies. The phenomena of non-local transport, non-
gradient diffusion and negative production are due to
the presence of large-scale eddies, which introduce the
anisotropy and memory effects. Based on this bimodal
model [11], the generalized gradient model [6] is
formed, which is adapted in this paper to the non-local
turbulent transport in turbulent swirling flow as follows

(vi)
vy =vE U+ ) o (<02>)1/2 oru (19)

rxr \/g (<U2>)3/2

a) ‘ | T8y
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Figure 5. Non-local turbulent transport of a momentum in a
swirling pipe flow: a) Radial distributions of measured
values for axial velocity U , radial transport of axial

momentum (uv) and double the value of kinetic energy of

radial velocity fluctuations intensity (v2) ; b) Modeling of
non-local transport — calculated distributions of eddy
viscosity; (Vg)rx — Boussinesq model, (VR)rx :vﬁ( -
non-local model. Other signs: Ug — average (by area)

velocity, R — pipe diameter.

The second member on the right side of non-local
model (19) describes the non-local turbulent transport of
convective type induced by the large scale eddies flow,
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which has a contribution to the turbulent stress due to
convective diffusion.

By numerical analysis of measurement results, using
the models (18) and (19), the distributions of eddy
viscosities (vg ) and (VR) =V§C are calculated

rx rx
and they are graphically shown in Figure 5b. It is
observed that the turbulent bimodal model (19) all

physically unacceptable values (18) for (vg)
rx

translates into the final and positive valuesof eddy
viscosity Vrlfc. Based on this research it can be

concluded that the turbulence model (19) describes well
the non-local turbulent transport in a turbulent swirling
pipe flow.

5. CONCLUSION

The mechanism of turbulent mass, momentum and
energy transport in physical-chemical processes of
HVAC systems is very complex. This paper discusses
the physics of flow-thermodynamic processes in such
systems, using analytical and numerical analysis of own
experimental results as well as the experimental data of
other authors. Meaningfully, flow in a curved channel,
asymmetric jets, wakes of cylinders and swirling flows
were analized. In these classes of flow an asymmetric
profiles of mean velocity and mean temperature, non-
local turbulent transport and non-gradient turbulent
diffusion arise. In this paper, these phenomena are
analyzed using a variety of characteristics that define
them.

By means of numerical processing of experimental
results, the distribution of eddy viscosity is obtained and
this quantity defines the displacement zone in the flow
in a curved channel and swirling flow. Non-gradient
heat flux in the wake of a cylinder is analyzed using the
diffusion curve, which is obtained by numerical analysis
of experimental data. The lateral distribution of eddy
thermal diffusivity is physically analyzed and non-
gradient turbulent diffusion in the wake of a mildly
heated cylinder is proven.

By numerical processing of experimental results for
the flow in the mixing layer a non-local turbulent
transport was observed, on the basis of negative
production of temperature fluctuations intensities, on
one hand, and on the basis of non-gradient distribution
of eddy thermal diffusivity, on the other.

The paper discusses turbulent swirling flow in pipe
lines of HVAC systems. Numerical analysis of
experimental data showed that in this complex flow
there are non-local turbulent transport and non-gradient
turbulent diffusion. Based on certain physical
assumptions specific to bimodal model, a mathematical
model that describes the non-local turbulent transport of
momentum in the displacement zone of swirling flow is
developed.

By analyzing the given classes of flow important
analogies of these phenomena in velocity and
temperature fields are noted. It is shown, namely, that
the negative production of temperature fluctuation
intensities is analogous to the negative production of
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turbulent velocity in the dynamic case. This applies to
the character of the diffusion process in velocity and
temperature distributions also.

It can be concluded that the mechanisms of non-
local turbulent transfer and non-gradient turbulent
diffusion points to a complex interactions between
fluctuating and mean flow fields. In order to obtain a
more profound physical-mathematical model of these
phenomena in velocity and temperature fields, further
research and closer insight into the structure of
turbulence and non-local turbulent transfer physics is
necessary.
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NOMENCLATURE
U mean velocity vector
u fluctuating velocity vector
P mean static pressure
T mean temperature
t fluctuating temperature
Ui, y; mean and fluctuating velocities in the X;

direction (i =1,2,3)

( X,Y,Z ) Cartesian coordinates
(X, r,¢) cylindrical coordinates
U.V,W  mean velocities in axial (X), radial (r)

and circumferential (¢) directions
U,V,W  fluctuating velocities in axial (x), radial

(r) and circumferential (@) directions

Cp specific heat

k thermal conductivity
o time-average of ...
() vector

—~
~

second-order tensor

oif =of Jox;, 3 =07 f [ox?

Greek symbols

T R Reynolds stress tensor
riJR Reynolds stresses
Sij Kronecker delta

FME Transactions

a thermal diffusivity, o = k/ ( PCp )

a eddy thermal diffusivity
1% kinematic viscosity

yR eddy viscosity

P fluid density

\% gradient operator

v2 Laplacian operator
Subscripts
B Boussinesq model

®EHOMEHH HEJIOKAJIHOTI' TYPBYJIEHTHOI'
IMPEHOCA U HEI'PAJIMJEHTHE TOIIJIOTHE
JADY3UNJE Y KI'X CUHCTEMHUMA

Jena M. Bypa3zep, Muaau P. Jleuuh,
Cgeruciaas M. Yantpak

UctpaxuBame CTpyKType TypOyJeHIH]je je HEOIXOIHO
3a pasymeBame (U3MKE CTPYjHO-TEPMOAMHAMUYKHX
mporeca y KI'X cucremnma. AHanmn3a ¥ IpopavyH OBHX
CHCTEMa 3aCHOBaHU Cy Ha IIO3HaBamy TYpOYyJIEHTHOT
NpeHoca W HBEroBoM Moxenupamy. C THM y Be3H, y
pany ce aHanu3upajy (PEHOMEHHU HEJOKAJIHOT MpeHoca
UMITYJICA ¥ HEJIOKAIHOT TPEHOCa eHepruje TOIUIOTOM Y
3aKpUBJ/BEHUM KaHAJIMMa, aCHMETPHYHHM MJIa3eBHMA,
BPTJIO)KHHM TparoBuMa ¥ BUXOPHOM CTpYyjamy.
Pasmarpa ce ¢usuka HerpajMjeHTHE TypOYJICHTHE
mudysuje W HEraTMBHE IPOAYKIWje y Op3MHCKUM H
TEeMIIEpaTypCKUM IoJbMMa. YTBpheHa je U3BecHa
aHanoruja usMelly TypOyleHTHHX Iiporieca y OBHUM
Krmacama crpyjama. Ilomohy Hymepmuke oOpane
COIICTBEHHX CEKCIICPHMEHTAJHUX Ppe3yNTaTta H3BPIICHO
je Moaenupame HEIOKATHOT TypOyJIeHTHOT TpeHoca Y
BUXOPHOM CTpYjamby.
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