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Abstract

The study presents an application of novel simulation system which couples a
computational fluid dynamics program with a detailed human thermal comfort and
thermo-regulation model. The study quantifies the thermal comfort performance of a
widely used emergency relief tent by case study the most asymmetrical conditions
from 2 sites. The simulated thermal sensation is represented by the index of “dynamic
thermal sensation”. An uncoupled (CFD alone) model using PMV index is also
developed to provide a side by side comparison. These comparisons highlight areas
where a coupled modelling approach is likely to be beneficial.
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Introduction

For a long time, there is few attention given to the thermal comfort performance of
UN standardized emergency relief tents (SERTs below) which are widely used in
international rescue operations against poster-disaster displacements, resulting a large
number of reports about thermal discomfort especially cold feelings in winter.
(Manfield, 2002) The thermal radiation environment in SERTs is much more
asymmetric than permanent buildings as the inner surface temperature varies largely
with the position and intensity of external solar radiations due to low thermal mass
materials. The characteristic lead to conventional PMV thermal comfort model that
predicts whole body thermal sensation based on steady state not able to evaluate more
realistic result as the effect of local discomfort and transient human thermal response
are not considered.

On the other hand, a sophisticated multi-segmented human thermal comfort model
named IESD-Fiala model that is able to predict both local skin temperature and
human transient thermal sensation has emerged and validated in a wide range of
environment. (Fiala et al, 2001) Recently, a system coupling the IESD-Fiala model
with CFD model has been developed (Cropper, et al. 2007) and successfully predicted
more realistic thermal comfort performance of a naturally ventilated classroom (Cook,
2011). The study aims to demonstrate an application of the coupled system in
inhomogeneous environment by taking case studies to quantify the thermal comfort
performance in SERTs with overcoming the limitations in conventional PMV models.
Consequently, a better understanding of indoor environments of current SERTSs could
be developed to improve occupant comfort in future works.
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Methodology

In this study, the CFD model with a long-wave radiation model is used to predict the
local environmental conditions around a human body coupled with the IESD-Fiala
model to predict the response of the human body to those conditions, both the degree
of comfort or discomfort experienced and temperature changes at the body surface.
The passive system represents the physical body and calculates the heat transfer
through the various tissue layers of the body and clothing, as a result of the metabolic
processes of the body and the local thermal environment surrounding the body. The
active system models the human thermoregulation such as sweating or shivering. As
an output, the IESD-Fiala model predict “dynamic thermal sensation” (DTS) which is
a thermal comfort index calculated from skin temperature and rate of change of skin
temperature of 59 body parts. (Fiala et al 1999) Changes in temperature at the body
surface are also fed back to the CFD model to enable the effect that the body has on
the local environment to be taken into account. Further details describing the model
coupling and data exchange procedures is presented in Cropper et al. (2010). In
addition, an uncoupled CFD alone case is developed with the detailed manikin
replaced by a simple cylinder with similar surface area. This is to provide a side-by-
side comparison between the conventional CFD thermal comfort modelling using
PMV method and the coupled system.

The case studies focus on the asymmetric characteristics as well as potential
discomfort happened in winter, simulating a single person standing at the centre of a
16m? IFRC type SERT with doors and windows closed. The other heat sources such
as lighting and equipment are not included in the model to avoid unnecessary
influence on the radiation environment surrounding the manikin. The CFD boundary
conditions refer to two operation conditions in two sites. The sites selected consists of
Wenchuan (China) where thermal discomforts are widely reported and a local site
(East midlands) to provide reference for future model validation works. The two
operation conditions include coldest hours to assess how worst the thermal discomfort
is and the most asymmetric condition when the local discomfort is more distinct. The
coldest conditions refer to the hour of lowest external air temperate and most
asymmetrical conditions refer to the highest root-mean-square deviation of the inner
surface temperature of each tent elements. The case definition has been listed in Table
1. The boundary condition data of the six cases are obtained from dynamic thermal
simulation code Energyplus with completed hourly weather file.

Table 1 Case study definition and simulated CFD wall boundary temperatures

Casel Case 2 Case 3 Case 4
Location East midlands | Wenchuan | East midlands Wenchuan
Description Condition Coldest Coldest Most . Most .
asymmetrical asymmetrical
External DBT(°C) -6.3 2.8 11 22.5
environment RH(%) 95 30 33.32 39.88
Ground 443 8.00 145 24.62
Roof -3.86 6.61 25.82 41.15
Inner surface North 3.84 6.91 18.31 27.49
temperature
(C) East -3.81 6.95 16.32 27.86
West -3.85 6.94 18.32 27.49

South -3.81 6.91 20.07 34.91




CFD model setup

The CFD code used in this work is ANSYS CFX (version 12) of which the solver has
been customised to adapt the coupled system. (Cropper et al. 2007) The study
employs a realistic three-dimensional computational thermal manikin(CTM)
developed by Yang et al (2007) with a winter clothed figure having 65,000 surface
elements and a surface area of 2.15m2. The computational domain refers to the
dimension of inner tents. The windows and door have been assumed to be closed
therefore air exchange comes from infiltration at very narrow (less than 5mm width)
door and window cracks. In this study, a simplification is used to model infiltration by
concentrating those cracks into four square shaped openings with same total area
placed at the top and bottom centre of each door. (two up and two bottom, see
Figure.3) It is to avoid extremely fine mesh for achieving appropriate mesh resolution
in narrow openings, which increases the complexity of mesh treatment as well as
massive computational overhead. A loss coefficient of 2.69 was used at all openings,
which is a general assumption in situations where manufacture data is absent. All the
solid boundaries except manikin is set as “non-slip” wall with fixed temperature
obtained from simulated inner surface temperature. (Table.1)

SST model (a blend of k- @ model that has good near wall treatment for low-Reynolds
number computations with a k- € model in the outer region) is selected as the
turbulence model for its high accuracy in boundary layer simulations and resolving
flow field variables. In term of radiation model, although the Monte Carlo model is
estimated to be more accurate in inhomogeneous radiation field in theory (ANSYS
2011), the application of Discrete Transfer model has been proved practical and more
time efficient in the coupled system. (Cropper et al.2007; Cook et al. 2011). Therefore
the Discrete Transfer model with 8 rays "Surface to Surface™ transfer mode is selected.
Wall boundaries are treated as diffuse emitting and reflecting opaque boundaries with
uniformed emissivity of 0.75.

The coupled CFD model uses a multi-element type mesh of total 120 million elements
comprising tetrahedrals, wedges and pyramids. The SST turbulence model requires
non-dimensional distance from the wall ”y+” must be less than 2 for sufficient
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Figure.2 Mesh structure close Figure.3 Mesh structure overview and
to body surfaces assumption of infiltration (four openings)




accuracy to resolve boundary layer (ANSYS 2011). The study uses ten prism layers
placed near the manikin body to achieve the requirement (Figure 2), which is also
proved effective in previous studies. (Cropper et al,2007) In addition, the mesh near
openings are also refined to capture the characteristics of inflow and outflow.
(Figure.3)

The CFD alone shared same fluid model and parameters but the complicated manikin
is replaced by a cylinder with similar surface area and 95 W heat flux to represent
metabolic heat. The convergence test found the simulation is hard to achieve
convergence in “steady-state” form, it is most possibly because of extreme low air
exchange at openings due to negative driving force on cold surfaces, resulting in the
buoyancy flow keeps cyclic behaviour in such sealed environment. Therefore all the
simulation is run in “transient” form with “adaptive” time control strategy using
minimum 0.1s time step and the maximum 10 coefficient loop for each timestep to
control all the RMS residuals below the 5e-05 convergence criteria. A relatively short
trasient simulation time (30 second) is selected to balance the large computational
overhead from coupled system. Therefore all the results described in this paper
represent the condition of a person entered the tent and stayed for 30 second

Result discussion

The results from dynamic thermal simulation confirm the asymmetric radiation
environment in tents, which can be reflected on much warmer roof due to direct solar
radiation. Both coupled and uncoupled systems have successfully modelled the
buoyancy flow generated from the human metabolic heat with similar air distribution
pattern. Take case 1 as example, as seen from Figure.4, the buoyancy plume in both
models generated around human body raise upward, feeds a layer of warm air in the
upper zone of the tent, distributes along the roof and then gradually cooled down by
the cold roof surface. On the other hand, the coupled model predicts more detailed
body surface temperatures while the surface temperature of cylinder is almost
uniformed, leading to a more accurate buoyancy driving force and temperature
distribution near body surface
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Figure 4 A side view of air distribution of coupled model (up) and uncoupled
model(down), case 1



For each case, results are tabulated (Table 2) to show the indoor MRT (mean radiant
temperature), the DBT (dry bulb temperature), thermal sensation, and the PPD
(predicted percentage dissatisfied). The thermal sensation is given by the PMV
(predicted mean vote) in the CFD simulations and by the dynamic thermal sensation
(DTS) in the coupled system. The Table 2 also shows the metabolic heat rate
predicted from IESD-Fiala model to compare with the fixed heat flux in CFD alone

simulation.

Table 2 Numerical predictions comparing uncoupled CFD with coupled CFD

Extra . Moisture
DBT | MRT Total . metabolic production due | Thermal
) | (o) metabolic rate du_e to to sweating sensation® PPD
rate (W) shivering (g/min)
(W)
S Casel | -1.6 0.3 289.3 159 0 -2.9(DTS) | 99.9
= g Case2 | 22 | 3.1 253.1 124.4 0 -2.9(DTS) | 99.9
a % Case3 | 16.5 | 19.6 105 0 0 -0.1(DTS) | 5.2
© Case4 | 29.1 | 318 122 0 0.56 1.2(DTS) 35.5
TS Casel | -3.2 2.1 -2.8(PMV) | 96.7
Q= Case2 | 1.1 1.6 -2.0(PMV) | 76.8
g 3| Case3 | 163 | 19.0 % n/a nfa 0.6(PMV) | 125
D '%| Cased | 288 | 317 1.4(PMV) | 455

*DTS is predicted from IESD-Fiala model, PMV is calculated from CFD-alone simulation

For coldest conditions (case 1&2) The metabolic rate predicted from IESD-Fiala
model is much higher than the assumed value in uncoupled model, which indicates
the “active” system of Fiala model began to work to simulate the human
thermalregulation in response to the low air temperatures and surrounding surface
temperatures in these cases. In these extreme cold conditions, the body expand much
more energy to maintain the body temperature at a safe range. As can be reflected
from the extra metabolism rate due to thermoregulatory shivering, the lower ambient
leads to more strenuous shivering and more heat production.
Consequently, the DBT and MRT predicted from uncoupled model will be lower and

temperature

less realistic.

Both coupled and uncoupled model rate the thermal comfort in coldest cases as
“extremely cold” as can be reflected on the high negative value in thermal sensation
and high percentage of people dissatisfied. But the coupled model seems to predict
worse thermal sensation especially in case 2. Here the sensibility of transient thermal
response in IESD-Fiala model is indicated, of which the rate of skin temperature
change is also considered in DTS calculation. As the simulation time is short, the
worse thermal sensation might result from transient uncomfortable feeling for a
person of neutral thermal sensation (initial condition of IESD-Fiala model) when

entering a cold environment.

In case 3 where air temperature is moderate and roof is warmer, the coupled system
predicts warmer thermal sensation (-0.1 DTS to -0.6 PMV). It is because of local heat
radiation from warmer roof surface to the manikin leads to higher skin temperature
especially on head while PMV method considers ambient temperature instead of skin




temperature. The finding highlights the advantage of IESD-Fiala model to predict
thermal sensation refers to the local skin temperature that makes the result sensible to
ambient asymmetric environment. It is also interesting to find sweating is modelled by
the Fiala model in case 4, resulting in a more comfortable prediction (1.2 DTS) than
CFD-alone simulation (1.4 PMV).

Conclusion

The study successfully demonstrates the application of a coupled system for
predicting human thermal sensation and quantifying thermal comfort performance of
a commonly used emergency relief tent. The case study results from both methods
identify the indoor thermal comfort during coldest hours as “extremely cold” with the
overwhelming percentage of people dissatisfied in all sites, which agrees with the
reported thermal discomforts. It is also found the asymmetric radiation environment
due to direct solar radiation has significant effect on occupants’ thermal sensations.

The comparison of conventional CFD thermal comfort modelling (CFD alone model)
highlights the advantage of coupled system. On one hand, the modelling of human
thermalregulation results in a more realistic metabolic heat gain and thermal sensation.
On the other hand, thermal comfort metrics which are based on a more detailed
representation of the human body,s thermal heat transfer shows its ability in catching
transient thermal sensation and local comfort in asymmetric environments.

The transient simulation time in this study is relatively small. Further work can try to
increase the simulation duration or solve the convergence problem “steady-state”
form to investigate the thermal sensation after the person adapted to the environment
with the interference from transient sensation removed.
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