4 St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 14 (3) 2021

90

DOI: 10.18721/IPM.14307
UDC 532.517

THERMAL MANIKIN SHAPE INFLUENCE
ON AIRFLOW AND HEAT TRANSFER IN THE MODEL ROOM
WITH DISPLACEMENT VENTILATION

E.D. Stepasheva, M.A. Zasimova, N.G. Ilvanov

Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation

The paper presents the results of numerical modeling of turbulent flow and heat transfer in the
model room with displacement ventilation. The goal of the study is to assess the shape influence of the
thermal manikin placed in the room on the computed airflow structure. Three manikin shapes have been
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based on the standard k-¢ turbulence model was applied. The study revealed solution sensitivity to the
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BJIMSAHUE ®OPMbIl TEMJIOBOIrO MAHEKEHA
HA TEYEHUE U TENJIOOBMEH B MOAEJIbHOM NMNOMELLEHUMU
C BbITECHSIFOLWWEW BEHTUNALUEN

E.[. CtenaweBa, M.A. 3acumoBa, H.l. UBaHOB

CaHkT-MeTepbyprckuii NoNUTEXHUYECKUI YHBEpcuTeT MeTpa Bennkoro,
CaHkT-MeTepbypr, Poccuitickas deaepaums

B pabGore npencraBiaeHbl pe3yabTaThl YUCIEHHOTO MOJIEIMPOBAHUS TypOYJIEHTHOTO TEUEHUS U Te-
IJIOOOMEHA B MOZIEJIbHOM ITOMELLIEHUU C BBITECHSIOLLEN BEHTUISILIMEN, B KOTOPOM Pa3MeLLEeH HarpeTbli
TeruioBoii MaHekeH. Lleab paboThl — OLIeHUTH BiusiHUEe (DOPMBI MaHEKEeHa Ha CTPYKTYPY TEUEHUST BO3-
nyxa, mpejcka3biBaeMylo pacuetaMu. PaccMoTpeHsl Tpu (hopMbl MaHEKeHa: ieTaibHast (MpuoIMkKeHa K
¢opme yenoBeka), a TakXKe YaCTUYHO U MOJHOCTbIO yrpolleHHbIe. [TocTaHoBKa 3amauu puoImkeHa K
yclioBusIM TectoBoro akcrniepumenTa P.V. Nielsen u ap. (2003). MonenupoBaHue TypOyJIeHTHOCTH OCY-
LIEeCTBISIOCH ¢ moMoIbio RANS-1ioaxona ¢ mpuBiedyeHUeM CTaHAAPTHOM k-& MOIEIU TYpOYJIeHTHOCTHU
B COYETAaHUM C METOAMKOM pa3pelleHus IPUCTeHHOI ob1acTu. B pe3ynbrare uccieaoBaHusl BhIsIBeHA
CTerneHb YYBCTBUTEJbHOCTH PEILIEHMS K PA3MEPHOCTH M TOMOJOTUHU UCTIOIb3yeMOii CETKH, a TAKXKe BIM-
sTHUE Ha pellleH’e HEOTPeIeIEHHOCTH BXOAHOTO pacnpeieseHus ckopocTu. [TokazaHo, 4To pacyeTHbIe
PE3yJIBTaThl B 1IEJIOM COTJIaCyIOTCS ¢ TAaHHBIMUY 9KCTIEPUMEHTA; YIIpolieHUe (popMbl MaHEKeHa OKa3bIBa-
€T CYIIECTBEHHOE BIMSHUE Ha TOYHOCTh MPpeicKa3aHMs IOKATbHBIX TapaMeTpOB.

KiioueBbie cj10Ba: BEHTUIISILIVSI, TEIIOBOM MaHEKeH, TYpOyJIEHTHOE TeYeHUE U TEIIOOOMEH, ecTe-
CTBEHHAs! KOHBEKLIMSI
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Introduction

Ventilation systems must provide thermally comfortable characteristics, maintaining a microcli-
mate that is suitable for humans in ventilated rooms. The following characteristics are commonly used
to assess the thermal comfort in practice [1, 2]:

draught rating (DR),

predicted mean vote (PMV),

predicted percentage of dissatisfied (PPD),

percentage dissatisfied with the vertical air temperature difference (Percentage Dissatisfied).

When it comes to ventilation systems that have already been put into operation, these character-
istics are assessed from interviews with people in the room using a special technique. The character-
istics of thermal comfort can also be estimated based on initial data on airflow: local and/or integral
velocities, velocity fluctuations and (for non-isothermal problems) temperatures, using the empirical
relations listed in the standards.

Formulating and solving applied ventilation problems generates a large number of parameters that
are difficult (and often impossible) to define unambiguously. These are, in particular, the following
parameters:

person's position in the room and its variation over time,

shape of the person's body (individual geometry, positions of individual body parts),

individual heat transfer characteristics (local and integral),

thermal insulation of the clothing, etc.

While the above parameters significantly affect the flow and heat transfer characteristics, and, as
a consequence, the thermal comfort characteristics, all of them can be fully taken into account only
in some simple cases. It is often convenient, and sometimes in fact necessary to simplify the
problem statement for both physical experiment and computational fluid dynamics (CFD). This
decision needs to be substantiated in each case.

Physical experiments considering the characteristics of thermal comfort in a room with people
widely employ thermal manikins simulating humans, including heat release and breathing. Compu-
tational studies of ventilation flow also frequently involve 'virtual' thermal manikins (see, for example,
[3 — 5]). Ref. [6] thoroughly reviews the state of the art in numerical simulation of airfllow and heat
transfer near a thermal manikin [6].

Numerical simulation, especially in fundamental studies, is best performed with a simplified shape
of the thermal manikin rather than the detailed geometry of the human body, since this allows con-
trolling the conditions of the computational experiment more precisely (for example, the quality of
the mesh near a solid surface). Example computations are given in [7, 8] for flow and heat transfer
in the vicinity of a thermal manikin with a simplified shape; the results were obtained based on an
eddy-resolving method for Large Eddy Simulation. However, standard thermal manikins are typically
used in modern physical experiments: they have a detailed shape, so additional comprehensive studies
are required to directly compare the computational results obtained for a simplified manikin with the
experimental data.

The degree to which the shape of the thermal manikin influences the structure of the flow in the
room was previously assessed for various configurations both in experimental studies [9, 10] and based
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on CFD [8, 11, 12]. Conclusions on the effect that the shape of the manikin has on the local charac-
teristics of the flow were drawn in [8 — 12] for particular cases in each of the given problems.

Experimental data have been accumulated in the literature for two test configurations correspond-
ing to two types of ventilation: mixing [10, 13] and displacement [13]. In the first case, the air supplied
through the inlets is mixed well in the room, for example, due to global circulation. With displacement
ventilation (second case), fresh air is supplied to the bottom of the room, and the exhaust openings
are located near the ceiling, which minimizes global mixing. Experimentsin [10, 13] considered a test
room containing a heated manikin with controlled heat release from the skin surface. The experiments
measuring the velocity and temperature fields, carried out in several sections of the room, were inter-
preted by the authors as benchmarks. The results of experimental measurements, well documented
and posted by the authors as a database at http://www.cfd-benchmarks.com/, have been repeatedly
used to validate the computational data [8, 14 — 16]: Refs. [8, 14] present the computational results
for a room with displacement ventilation, and Refs. [15, 16] discuss a room with mixing ventilation.

This paper provides the results for numerical study of flow and heat transfer near a thermal mani-
kin for the test conditions with displacement ventilation [13].

Our goal was to assess the degree of sensitivity of the flow structure in the room to changes in the
geometric shape of the thermal manikin.

The computations were carried out for three shapes of the manikin: detailed (close to the shape of
the human body and largely corresponding to the one adopted in the experiment), partially simplified
(consisting of parallelepiped blocks), and completely simplified (one solid parallelepiped). Turbu-
lence was simulated using the RANS approach with the standard k-¢ turbulence model, which is the
most widespread in studies of jet flows.

Problem statement

Geometric model. We consider a ventilated room (Fig. 1,a); its height, width and length (in me-
ters) are H = 2.7, W= 3.0 and L = 3.5, respectively. The coordinate system used is shown on the
schematic of the room, the origin of the coordinate system is located in its bottom left corner. One of
the sidewalls has a rectangular inlet opening near the floor, with the height #, = 0.2 m and the width
w._ = 0.4 m. The equivalent inlet diameter D, = (41w, /m)"> = 0.3 m. The outlet has a square shape
hou ,=w,_ .= 0.3mand is located on the opposite sidewall near the ceiling of the room. The inlet and
outlet are centered along the z coordinate.

A thermal manikin is located in the center of the room; its surface is h = 0.05 m above the floor.
We considered three shapes of the thermal manikin: parallelepiped, block and detailed (see also
Table 1). The manikin is in an upright position, facing the inlet. The simplest of the given shapes is
a parallelepiped (Fig. 1,b) with the following dimensions: height hm =1.7m, widthw = 0.4 mand
thickness / = 0.1 m. The surface area of the manikinis S = 1.78 m’.

The geometric parameters of the block shape (Fig. 1,c) are the same as in [8]. The block-shaped
manikin is made up of parallelepipeds, which taken together imitate the real shape of the human body
to some degree. The manikin also has the following separate parts: head, two arms, torso and two legs
(Table 2). The surface area of the manikinis § = 1.48 m* (see Table 1).

The detailed shape of the manikin (Fig. 1,d) is close to that used in the experiment. The manikin
geometry was produced with the MakeHuman software (official website: makehumancommunity.org).

Note that the area of the thermal manikin used in the experimental study [13] is S = 1.47 m*. This
value is 7% less than for the detailed shape of the manikin discussed in this paper. The reason for this
is that the shape of the manikin used in [13] cannot be reproduced completely because the geometry
was described insufficiently, even though the measurement results were fairly well documented. While
the experiments in [13] were carried out for both the sitting and standing positions of the manikin
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Outlet

Fig. 1. Schematic of the room (a) and different shapes of the manikin:
parallelepiped (b), block (c), detailed (d).
Inlet and outlet of the airflow, and geometric parameters are shown;
lines /, — /, mark the positions of the sections for which experimental data are available

Table 1
Computational configurations accounting for manikin shape and external factors

o C tati 1 +

Manikin shape (S, , m*) g, W/m? Ogrli)(lil, ?nll?lna Element type y,, mm < v >
0.79 1.0 1.12
0.97 Hexagonal 0.5 0.58

Parallelepiped (1.78) 21 : : :
0.24 5.0 4.74
1.16 1.0 1.05

Polyhedral

Block (1.48) 26 1.04 oyhed 1.0 1.05
Detailed (1.57) 24 1.62 1.0 1.02

Notations:S isthe surface area, g is the specific heat flux, v, is the height of the first near-wall cell at the
surface of the manikin, < y+> is the averaged dimensionless distance from the manikin surface to the center of
the first near-wall cell.

(the latter is also considered in our study), the geometry on http://www.cfd-benchmarks.com/ is only
given for the sitting position.

Lines /. — I, shown in Fig. 1,a demonstrate the positions of the sections for which experimental
data are available in [13]. All lines are located in the central plane of the room: for z = 1.5 m. Lines
[, — 1, are located at distances 0.20, 1.55, 1.95 and 3.30 meters from the inlet. The symbols in the fig-
ure mark the positions of the points where the velocity magnitude (measured with an ultrasonic
anemometer) and temperature (measured with a thermocouple) were captured along the lines. The
database contains velocities obtained by Particle Image Velocimetry (PIV) for lines /, [, (their posi-
tions are x = 1.75 m and y = 1.60 m).

Physical parameters of the environment and boundary conditions. The physical properties of the air
were taken constant and corresponded to a temperature of 22 °C:

density p = 1.194 kg/m’,
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Table 2
Geometrical parameters for three manikin shapes
o Size for shape, m
Parameter of manikin/part - 5
parallelepiped block detailed
Height 2 1.70 1.70 1.70
Maximum width w 0.40 0.40 0.59
Thickness /| 0.10 0.30 0.30
Head 0.15x0.10
Body 0.75x%0.30 Makel
Arm (two) - 0.50x0.05 areriuman
software used

Leg (two) 0.80x0.10
Distance between legs 0.10

N o te. The sizes of the manikin parts for the block shape are given in the yz plane.

dynamic viscosity p = 1.789-10-° kg/(m-s),

specific heat Cp = 1006 J/(kg'K),

thermal conductivity A = 0.024 W/(m'K).

The Prandtl number with such parameters equals Pr = uCp /A =0.69.

According to documentation for the experiment in [13], it is preferable to set a uniform velocity
profile V. = 0.2 m/s at the inlet to the room. This condition was reproduced in the main series of
computations, which corresponds to a volumetric flow rate of 57.6 m3/h. The Reynolds number
calculated from the equivalent diameter and inlet velocity is in this case Re = pD V. /u = 4300.

In addition to recommendations, the appendix to the experimental data in [13] on the website
contains a table (in Excel format) of measured magnitudes of the inlet velocity. According to these
data, the mean flow velocity at the inlet is 0.181 m/s. Additional computations were performed for
the configuration with a block-shaped manikin, with a uniform velocity profile given at the inlet
V. = 0.181 m/s (the corresponding flow rate was 52.1 m’/h). Another series of computations were
performed for a non-uniform velocity profile at the inlet, obtained from the solution to the problem
of flow in a channel with the corresponding section, where the bulk velocity was V. = 0.181 m/s.

Constant pressure boundary conditions were imposed at the inlet to the computational
domain. The no-slip condition was imposed on the walls of the ventilated room and on the surface of
the manikin.

The following thermal boundary conditions were imposed in accordance with the experimental
conditions in [13]:

inlet temperature was constant and equal to 7, =22 °C,

the walls of the room were adiabatic.

The integral heat removal from the manikin surface was taken equal to O = 38 W for all geometric
configurations, which corresponds to 50% of the value adopted in the standards for a person standing
still. If the computations for the thermal manikin do not account for the radiative heat transfer (as is
the case in this study), a customary technique is to reduce the typical heat release for a person by ap-
proximately two times. A constant value of the specific heat flux was given on the surface of the man-
ikin, definedas g = Q /S . The values of the specific heat flux used for different geometric shapes of
the manikin are given in Table 1.

Mathematical and computational models. Turbulence was simulated by the RANS approach (sol-
ving the Reynolds-averaged Navier — Stokes equations); for more details see, for example, mono-
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005115

Fig. 2. General view of computational meshes with hexagonal elements (0.79 million) (a)
and polyhedral elements (1.16 million) () for parallelepiped-shaped manikin;
distribution of y* along room wall surfaces (mesh of 1.16 million cells) (c)
and along surfaces of three shapes of manikins: parallelepiped (d), block (e) and detailed (f)

graph [17]. The equations are closed by the standard semi-empirical k-¢ turbulence model [18] com-
bined with the Enhanced Wall Treatment technique for resolving the near-wall region. The following
turbulence characteristics were adopted in the computations at the inlet to the room:

turbulence intensity / = 30%,

ratio of turbulent to molecular viscosity p /p = 44.

The buoyancy force was taken into account using the Boussinesq approximation. The
gravitational acceleration vector g, whose magnitude equals g = 9.81 m/s?, is directed vertically
down towards the floor of the room (see Fig. 1,a). The volumetric thermal expansion coefficient was
givenas = =3.39-10° K.

The computations used quasi-structured meshes with hexagonal elements, constructed in the
ICEM CFD 2019 R3 mesh generator, as well as unstructured meshes with polyhedral elements ob-
tained in ANSYS Fluent by transforming computational meshes with tetrahedral elements built in
ICEM CFD. The sizes and some other characteristics of the computational meshes used in the study
are given in Table 1. The appearance of meshes with hexagonal and polyhedral elements is shown in
Fig. 2,a,b. The meshes are clustered towards the walls of the computational domain, as well as
towards the surface of the manikin.

Meshes with hexagonal elements were used for the simplest form of a manikin, i.e., a paral-
lelepiped. Two types of mesh with hexagonal elements were constructed, with varying height v, of
the first near-wall cell at the surface of the manikin (see Table 1): this dimension was 1 mm for the
first type, the total size of the mesh was 790,000 (82 x 109 x 90) cells, and 0.5 mm for the second type
(half as much), while the total mesh size was 970,000 (98 x 111 x 92) cells. The value of the dimen-
sionless distance y* from the manikin surface to the center of the first near-wall cell (see Fig. 2,a), is,
on average, 1.12 and 0.58 for the types, respectively.

Two meshes consisting of polyhedral elements were also constructed for the parallelepiped-shaped
manikin. A more economical mesh containing 240,000 elements in total had five prismatic layers
without clustering near the walls perpendicular to the axes x and y or near the manikin surface; the
transverse size of the cells in the layers was y,= 5 mm. The rest of the area, that is, the inner part of
the room, was divided into identical polyhedral cells with the characteristic size of 10 cm. This mesh
topology is often used in engineering practice because it is easy to generate. The second polyhedral
mesh, with a total of 1.16 million elements, was clustered around the near-wall jet, as well as in the
region above the manikin (see Fig. 2,b). The characteristic size of polyhedral elements was 5 cm
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in the refined regions, and 10 cm in the rest of the domain. Ten prismatic layers were given near the
manikin surface with a clustering coefficient of 1.1 to the surface of the manikin; the height of the
first near-wall layer is y, = 1 mm. The distribution of y" for this configuration of the
computational mesh is shown in Fig. 2,c,d. The value of y* does not exceed 10 on the walls of the
room, averaging to 1.05 over the manikin surface.

The computational mesh for the block and detailed shapes of the manikin consisted of prismatic
layers and polyhedral cells with characteristics similar to the polyhedral mesh with clustering for the
parallelepiped-shaped manikin. The distribution of y* on the surface of the manikins for these cases
is shown in Fig. 2,d,f. The values of y* on the surface of the manikin also amounted to about 1 on
average (see Table 1).

All computations were performed in the ANSYS Fluent 2019 R3 CFD package. The equations
were approximated with second-order precision. The SIMPLE method was chosen to organize the
iterative process. The resources of the SPbPU Fluid Dynamics Research Laboratory cluster
(maximum of 24 cores) were used.

Computational results and discussion

Mesh sensitivity analysis. Fig. 3 shows the velocity profiles in six sections of the room [/} — I,
obtained in computations for the parallelepiped-shaped manikin with meshes of different dimensions and
topology (see Table 1).

The graphs for the sections /, and /, (Fig. 3,a,b) show a zone where a near-wall inlet jet propa-
gates (at y < 0.6 m). The jet intensity decreases downstream; the velocity magnitude changes from
the inlet value, equal to 0.20 m/s, to the corresponding value in front of the manikin surface, equal
to 0.15 m/s. The velocity profiles shown in the sections / and /, vary little as the computational

a) ym A b) ym 1, c) ym I d) ym I,
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Fig. 3. Velocity profiles (a — f) plotted along lines /, — [ (see Fig. 1) obtained in solutions with meshes
of different dimensions: 0.79 (1), 0.97 (2), 0.24 (3) and 1.16 (4); g shows the layout of the sections
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Fig. 4. Velocity profiles (a — f) plotted along the lines /, — /, (see Fig. 1) obtained
for different inlet velocity distributions: uniform, equal to 0.181 m/s (/); non-uniform profile
with a bulk velocity of 0.181 m/s (2); uniform, equal to 0.200 m/s (3); g is the layout of the sections

mesh is altered, although the solution on the coarsest mesh 3 is apparently somewhat different from
the others. The obtained solution is considerably sensitive to the computational mesh used, which
is manifested in the wake behind the manikin, as evident from the velocity graphs in the sections /,
and /, for the bottom of the room at y < 1.8 m (Fig. 3,¢,d). The flow here is characterized by reduced
velocities. The solution obtained with a mesh with fewer elements (240,000) is markedly different
from the solutions obtained on more refined meshes.

Velocity graphs plotted in sections /, and /, (Fig. 3,e.f), as well as in the top of the room in sections

[ and [, at y > 1.8 m (Fig. 3,b,c) illustrate free-convection flow evolving near the surface of the ther-
2

mal manikin and in the thermal plume above it due to buoyancy. A free-convection boundary layer
emerges near the manikin surface, where the characteristic velocities in the upper part of the manikin
reach 0.25 m/s (Fig. 3,/). A weak dependence of the solution on the dimension of the mesh used in
the computations is observed in this region. The solution is somewhat sensitive to the mesh near the
thermal plume generated above the manikin. Analyzing the data for the velocity distribution shown
in Fig. 3,e, we can conclude that the velocities in this region, computed on a mesh with 240,000, are
15% lower than for other meshes. Importantly, the temperature fields obtained in the computations
with all meshes considered practically coincide.

Notice that the three solutions obtained on two hexagonal meshes and on a mesh with clustered
polyhedral elements are nearly the same. This means that the solution obtained on a mesh with clus-
tered polyhedral cells can be considered weakly dependent on the mesh. Because of this, meshes with
similar topology and dimensions were used for the configurations with the block-shaped and detailed
manikins.
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Sensitivity of the solution to the inlet velocity distribution. This sensitivity was studied for the
configuration with the block-shaped manikin. Three inlet distributions were given:

uniform velocity distribution ¥, = 0.2 m/s, recommended in [13];

uniform velocity distribution /. = 0.181 m/s (mean value according to the experimental data given
in the appendix to [13]);

velocity distribution obtained by additionally computing the flow in a rectangular channel hm xw.
with a length of 154, , with the bulk velocity of 0.181 m/s.

Fig. 4 shows the velocity profiles in the sections /| — [, obtained in solutions with different inlet
velocity distributions. The graph in Fig. 4,a for the section /, shows the differences in the solutions
obtained: the maximum velocities in the region of the near-wall jet (at y < 0.6 m) are in the range of
0.19 — 0.23 m/s. The velocity profiles in the remaining sections in Fig. 4 (/, — /), away from the inlet,
only differ slightly: there are some differences in the region with reduced velocities in the sections
[, and /,, as well as in the thermal plume zone above the manikin (section /). The data presented in
Fig. 4 indicate that the obtained solution changes little within the given range of inlet flow rates. A
uniform distribution of V, = 0.2 m/s was used in the main series of computations.

Effect of manikin shape on flow and heat transfer

Description of the flow structure. Fig. 5 illustrates the flow structure in a ventilated room, showing
streamlines colored by velocity magnitude (Fig. 5,a,c,d), as well as the velocity fields in several sec-
tions of the room (Fig. 5,b,e.f), constructed for three manikin shapes.

The solutions obtained allow distinguishing two regions in the flow. The first one is where the near-
wall jet propagates in the bottom of the room, interacting with the manikin. The second is the region
with buoyancy-induced free-convection upward airflow. This flow evolves near and above the surface
of the heated manikin, producing a thermal plume initiating secondary flow in the top of the room.
Both regions have comparable velocities and interact little with each other.

z=01m z=15m

Fig. 5. Streamlines (a — ¢) colored by velocity magnitude; velocity magnitude fields (d — f)
in several sections of the room, obtained in computations with three manikin shapes:
parallelepiped (a, d), block (b, e), detailed (c, f)
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Fig. 6. Velocity magnitude distributions in two sections of the room:
z=1.50m (a — c¢) and x = 1.75 m (d — f) computed for three manikin shapes:
parallelepiped (a, d), block (b, e), detailed (c, f)

Fig. 6 shows the velocity fields in two central sections of the room: z = 1.50 m and x = 1.75 m
(the velocity fields in Fig. 5,d,e,f are shown in isometric projection for the same sections). The flow
structure obtained in the computations for all shapes of the manikin was asymmetric relative to the
central plane z = 1.5 m. The near-wall jet spreads from the inlet along the floor, interacts with the
manikin, attenuates and collides with the sidewall opposite from the inlet. When the jet interacts
with the wall, the flow rate is distributed unevenly, and, after turning around, the backflow along
one of the bottom corners of the room appears to be more intense than along the opposite corner.
This is evident from the local maximum velocities in the bottom right part of the room (Fig. 6,d,e.f).
Nota-bly, an asymmetric solution was obtained for both topologies of the computational mesh used
for the parallelepiped-shaped manikin.

Figs. 5 and 6 show the results for the solution with the jet attaching to the right side wall, which is
not unique, apparently. Two steady solutions (converging by residuals) were obtained for the
parallelepiped-shaped manikin, with the jet attaching to the opposite side walls of the ventilated
room. It was found for both computational mesh topologies that the solution was not unique.

The data obtained show that the global flow structure evolving in the room changes little with
the change in the manikin shape. However, the local flow characteristics change depending on the
manikin shape. For example, differences in the velocity fields are observed in the jet zone where the
jet interacts with the manikin (Fig. 6). Differences in the characteristic velocities in the thermal
plume above the manikin are observed in the region with free-convection flow. The maximum veloc-
ities in the thermal plume were 0.180 m/s for the parallelepiped-shaped manikin, 0.230 m/s for the
block shape, 0.255 m/s for the detailed one. Thus, the intensity of free-convection flow is higher for
manikins with detailed and block shapes than for the parallelepiped-shaped manikin.

Comparison of computational and experimental data. The results of numerical simulation were
compared with the experimental data from [13] (Fig. 7). Fig. 7,a schematically shows the locations
of sections I and II where PIV measurements were carried out in [13]. Both sections are in the
center of the room (z = 1.5 m): section I above the manikin, and section II in front of it, near the
face. Fig. 7,b,c shows the distribution of the velocity magnitude near the manikin surface in sec-
tions I and II based on experimental data from [13]. The velocity magnitude is constructed by two
components V_and Vy, however, the position of the coordinate axes x’, y " is not described exactly
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Fig. 7. Layout of sections I and II (a); comparison of velocity magnitude distributions in sections I ()
and II (c) based on the experimental data in [13] with the computational results for three manikin shapes:
parallelepiped (d), block (e), detailed (f)

(central plane z = 1.5 m is shown)

in [13] for the experimental data given. The velocity fields obtained from the numerical simulation
data for the cases with different manikin shapes are shown in Fig. 7,d,e.f. The velocity magnitude is
constructed by all three velocity components but the contribution of the velocity component V
in the central section is minimal.

As the shape of thermal manikin changes, the structure of upward flow near its surface changes
considerably: the characteristic values of velocity in front of the manikin (at x <1.7 m) are noticeably
higher for the cases with the block and parallelepiped shapes than for the detailed shape. The state-
ment in the case of a simplified (flat) manikin shape, in the absence of any inhomogeneities on the
surface, is close to the problem of free-convection flow near a heated plate, where the upward
velocity increases upstream. Complex three-dimensional free-convection upward flow evolves near
the front of the torso in the case with the detailed manikin shape; this flow changes direction around
the manikin's shoulders, and, judging from the streamlines (see Fig. 5,d), the air rising near the torso
flows over the shoulders to the back of the manikin, subsequently moving upward along the back of
the head. Thus, the velocities in the facial region are noticeably lower for a detailed manikin than
those obtained for simplified manikins (parallelepiped and block).

Fig. 8 shows the velocity distributions in several sections of the room, obtained in the experiment

and through computations for three manikin shapes. Fig. 8,c shows the velocity distribution along
line /, located in section II; the coordinate x” is measured from the surface of the manikin's face. The
computed flow structure near the detailed manikin in section II (near the face) agrees with the flow
structure obtained in the experiment both qualitatively (see Fig. 7) and quantitatively (Fig. 8,c). The
velocity values in this region appear to be overestimated by approximately two times for simpler
manikin shapes (both block and parallelepiped).

The velocity values in section I can be used to estimate the intensity of the thermal plume emerging
above the manikin. The velocity distribution along the line /; in this section is shown in Fig. 8,b. As
noted above, changing the shape of the manikin substantially changes the position of the thermal
plume and the characteristic velocities of the upward flow. The data on the velocity in section I
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that are closest to the experiment can be obtained using both the detailed and block shapes of the
manikin.

The velocity distributions away from the manikin surface are shown in Fig. 8,d,e,g. Analyzing the
graphs, we can see satisfactory agreement between the computational results and experimental data
in the region of the near-wall jet (sections /, and /, at y < 0.3 m): however, the computed velocities
are somewhat higher than experimental data. The characteristic velocities amount to 0.025 m/s in
the region of low-velocity flow in front of manikin (section / aty > 0.3 mand /, at 0.6 <y < 2.1 m).
Here, the computational data generally agree with the experimental velocities. Changing the shape of
the manikin apparently has a rather weak effect on the flow structure in this region.

The shape of the manikin has a more pronounced effect on the flow structure in the section /,,
located directly behind the manikin near the surface (Fig. 8.,f). The variation range of characteristic
velocities does not exceed 0.1 m/s in this region. Experimental velocities are lower than those com-
puted for all manikin shapes. Evidently, the reason for the differences between the computational and
experimental data in this region is that the position of the manikin's legs is not reproduced exactly
in numerical simulation, even in the case of detailed geometry. At the same time, the computational
results related to velocity for three different cases of the manikin shape coincide both with each other
and with the experimental data in section /, (Fig. 8,¢). There are some differences in the data in the
lower corner of the room with y < 0.6 m.

Parameters of heat release from the manikin surface. The temperature distributions 7 over the
surface of the thermal manikin obtained for cases with a different manikin shape are shown in Fig.
9,a—c. The corresponding distributions of dimensionless heat transfer coefficient, the Nusselt number

Nu = qwlw/y\’(T;’n _Tw)9

101



4 St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 14 (3) 2021

Fig. 9. Computed distributions of temperature (a — ¢) and Nusselt number (d — f)
over the surfaces of manikins with different shapes:
parallelepiped (a, d), block (b, e) and detailed (c, f)

where lm = 0.1 m for all manikin shapes, are shown in Fig. 9,d,e.f.

Table 3 shows the ranges within which the temperature varies over the surfaces of manikins with
different shapes: minimum 7' i’ maximum 7' s the temperatures <T W> and Nusselt numbers
<Nu> averaged over the manikin surface are also shown.

The temperature distributions for the upwind (opposite to the direction of the x axis) and down-
wind (along the direction of the x axis) sides differ for all manikin shapes considered. The tempera-
tures are higher from the downwind than from the upwind side; acccordingly, the heat release is lower
from this side. There are local differences in temperature distributions for different manikin shapes. In
particular, the distribution is almost uniform in the z-direction for the simplest shape (parallelepiped),
while a non-uniform distribution is observed for the detailed shape.

Notably, the temperature increases and the heat transfer decreases along the height of the thermal
manikin. The minimum temperature on the surface of the manikin is in its lower part. This value is
close to the temperature of the inlet air jet 7, = 22°C, varying slightly from one shape of the manikin
to another. The maximum temperature is observed in the upper part of the manikin, near the curved
surface. The value T' 1 max greatly depends on the shape of the manikin, amounting to 33.6 °C for the
parallelepiped, 41.7 °C for the block and 51.4 °C for the detailed shape (see Table 3). The wide varia-
tion range of the maximum temperatures corresponding to the detailed shape of the manikin confirms
that simplifying the shape of the manikin can produce large errors for the estimated local parameters
of thermal comfort. We should note, however, that at such high local temperatures as detected on
the surface of the detailed manikin, mechanisms of human body thermoregulation are engaged in
the real conditions; neglecting these mechanisms can produce substantially larger uncertainties.

The mean temperature is an integral parameter for the given problem, weakly depending on the
geometric shape of the manikin used and amounting to about 31 °C. Importantly, the experimental
value of the mean temperature is consistent with the computed one.
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Table 3
Comparison of computed and experimental values of parameters
related to heat transfer from the surfaces of manikins with different shapes
Computed value for Experiment
Parameter ; . -
parallelepiped block detailed detailed

e °C 23.18 2321 2233 -

e 33.60 41.70 51.40 -
(T,),°C 30.50 31.30 30.70 322
(Nu) 13.2 12.1 12.6 10.6

Conclusion

We have carried out a numerical study on the influence that the shape of a heated thermal mani-
kin has on the airflow structure and heat transfer in a model room with displacement ventilation.
We have considered three shapes of the manikin: parallelepiped, block and detailed. The
computations were
performed based on the RANS approach using the standard k-¢ turbulence model.

The sensitivity of the solution to topology and dimension of the computational mesh was exam-
ined for the simplest shape, the parallelepiped. It was confirmed that a mesh consisting of
polyhedral elements with a dimension of about one million cells, refined near the air jet and the
thermal plume, making it possible to obtain a solution that weakly depends on the mesh parameters.
We have examined the influence of the dynamic conditions at the inlet on the obtained solution: the
flow structure in the vicinity of the manikin was found to be weakly sensitive to the inlet velocity
profile in the given velocity range.

The computations indicated that the global flow structure evolving in the room is not
symmetrical with respect to the central plane. Two converging solutions were obtained for one of the
geometrical configurations, where the jet deflects towards the opposite side walls.

Apparently, the intensity of free-convection airflow was higher in the cases when the detailed
and block-type shapes of the manikin were used compared to the configuration with the manikin
with the simplest shape, a parallelepiped. Furthermore, the simplification of the manikin shape
significantly affects the local characteristics of airflow and heat transfer. On the other hand, the
integral parameters only weakly depend on the shape of the manikin used.

As awhole, we can conclude that using a simplified shape of the manikin is reasonable in the
cases when it is necessary and does not produce any significant distortion of the solution.

The study was financed by the Russian Foundation for Basic Research, grant no. 20-58-18013.
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