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ABSTRACT

Failure to maintain thermal equilibrium can cause uncontrollaldesases in
body core temperature beyond critical upper limits. In selgatiothing, consideration
must be given to the heat transfer properties of clothing thatressict the cooling
capacity of the human body under heat stress conditions, most imjyoapiarent total
evaporative resistancedRRy). This study calculated and compareg; Rfor five clothing
ensembles under varying heat stress conditions, including threigerddamidity (RH)
levels and three stages of heat stress to determingrfvRlues varied or remained the
same with changes in heat stress conditions. A four-waydmnixedel analysis of
variance demonstrated significant differences for estimated ., Rralues among
ensembles, RH levels, heat stress stages, and interactiong amsegmbles and RH
levels and ensembles and heat stress stages (p < 0.0001). Nizasignifteraction
among RH levels and heat stress stages was found (p = 0.67ukey’S Honestly
Significant Difference multiple comparison test was used to iigewhere significant
differences occurred (p < 0.05). The results of the study indithtedR 1, values do
change with RH levels and stages of heat stress and thatethretical framework for
explaining heat-exchange in hot environments is not yet well-edtadl Also
confirmed was the dominance of the convection pathway over the diffpsithway in

hot environments.
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CHAPTER 1: INTRODUCTION

Problem Statement

Many workplaces provide different types of clothing ensemblesoffer
protection to employees from assorted chemical, physical, and icalaggents. A
serious concern faced by employers when selecting approgdattag is whether it will
induce some level of heat stress. Heat stress is a sagtibccupational problem in the
U.S. as 5-10 million workers are exposed to heat stress conditiacls year
(Occupational Safety and Health Administration [OSHA], 2010)is #stimated that in
2006 approximately 44 U.S. workers died and 3,100 more lost work hours fram hea
related disorders (Office of Compliance, 2009). Through the impletr@ntand
enforcement of effective control measures and work practicksagsociated with heat-
related disorders can be managed. OSHA has not promulgated any spec#itiomes)to
govern the protection of employees from heat stress; howeveragiecy expects
employers to protect workers from heat stress in accordartbetlve General Duty
Clause, Section 5(a)(1) of the OSH Act (OSHA, 1999). Origiradigpted in 1972, the
American Conference of Governmental Industrial Hygienists (A&CEIpublishes a
threshold limit value (TLV) for heat stress to limit body core temperatures of werte

38°C. Body core temperatures abové@8hould be avoided to prevent the onset of heat



strain although brief, intermittent work periods are acceptable suifficient recovery
periods (ACGIH, 2010; Bernard, 1999).

Heat balance analysis as outlined by Havenith (1999) and furtbeussed by
Havenith et al. (2008) and Bernard (1999) is a method used to concapttiedi
processes involved in thermoregulation. When a person is capable iolaghign body
heat at a rate greater than the rate it is being geddfraebody is said to be in a state of
compensable heat stress. Failure to maintain thermal equilibragults in an
uncontrollable rise in body core temperature beyond a critical dippiera homeostatic
threshold, which has become recognized as uncompensable heat stressd(Bt al.
2010). When uncompensable heat stress is achieved, the human bodyetannate
heat at the same rate it is being generated. The criticafr lipgeé was originally
described by Lind (1963) as the upper limit of the prescriptive hahbas since become
known as the critical condition (Bernard et al. 2010, 2009, 2005; Caraatedll. 2008;
Kenney et al. 1993; Frye & Kamon, 1981; Belding & Kamon, 1973). Other
physiological indicators of heat stress include increased tatas and profuse sweating
(Ashley et al. 2008; Barker, Kini, & Bernard, 1999).

Job risk factors for inducing heat stress consist of environmentaliomsdiwork
demand, and clothing requirements (Bernard & Ashley, 2009; Barker. €t989).
Environmental conditions include air temperature, ambient air vapesyne (humidity),
radiant heat, and air movement. Heat stress conditions can bednoly@levating the
ambient air temperature or the ambient water vapor pressure irnk@bnments
(Kenney et al. 1993). The human body absorbs heat from the enviromiemntair

temperatures exceed °@ (104F) and loses heat when temperatures fall belofC 32



(90°F). The consequence of reducing air temperature is decreassdve@or pressure
levels supported by air. Air loses its capacity to retainewavith decreases in
temperature which results in higher evaporative cooling rateg (bss) at lower air
humidity levels. The rate of evaporative heat loss is influengetidoamount of water
vapor pressure present in the aarsusthe skin. In most environmental conditions,
higher concentrations of water vapor on the skin than in the air gpeoeffective
evaporative cooling. In very rare situations and only in extreimeatic conditions will
the moisture concentration gradient become equalized or even revprshihiting
evaporative heat loss (DiNardi, 2003; Plog & Quinlan, 2002; Havenith, 199BIAQ
1999).

Radiant heat is generated from hot surfaces that are not aslggsiaielded,
insulated, or where the emissivity of the source has not beenientfficreduced. The
body absorbs radiant heat readily at temperatures exceedfi@ @B9F). Air
movement stimulates greater air contact with human skin promotagpeative cooling
and body core temperature reduction. However, several tempeitaesholds must be
considered when assessing the effect of air movement orstness. At temperatures
below 35C (95°F) effective heat loss is possible with increased air movenadile
opposing results are observed with temperatures ab8@e(204F). Minimal body heat
loss occurs between %5 and 46C (95F and 104F). Another relevant factor that must
be considered is air speed. The best results are obtained éwaee 2 m/s while no
gain in evaporative cooling is detected at air speeds éxge8 m/s (ACGIH, 2010;

DiNardi, 2003; Plog & Quinlan, 2002; Bernard, 1999; Havenith, 1999; OSHA, 1999).



Metabolic work demand contributes significantly to body heat gaincéntbe
controlled by automating processes, reducing workloads, and pacirtgsid High
metabolic rates sustained over a period of time can generate batgthevels which
cannot be dissipated effectively, resulting in physiologicalirstraHigher levels of
metabolic rates are observed with dynamic work when comparestatic work as
muscles are required to flex and extend in response to work demdcdi@sdard
metabolic rate tables have been established to assist enspioyestimating work
demands imposed on workers for different types of job tasks (lttamahOrganization
for Standardization [ISO], 2004b). However, metabolic rates will natriilerm among
a group of employees because individual differences in height, tweigh oxygen
consumption influence metabolic rate levels. Heat loss can ogctivé different
pathways including conduction, convection, radiation, evaporation, and respirati
Evaporation is the primary pathway governing thermal equilibriutmot environments.
The body eliminates sizeable amounts of heat through the evaparhsareat on the
surface of the skin or, in some cases, clothing layers. Conductyismportant for
work performed in water. Convection provides a reliable means &ipdisg heat from
warmer skin to cooler ambient air as long as air temperatenesin near or below skin
temperatures. Internally generated body heat may also risfetneed to nearby cooler
objects by means of radiation. Exerting even lower effect ahdxehange is respiration
which unloads heat by way of convection and evaporation in the pulmondagmsys
(DiNardi, 2003; Plog & Quinlan, 2002; Bernard, 1999; Havenith, 1999; Holmer. et al

1999; OSHA, 1999).



The final job risk factor, clothing, is the focus of the remainafethis thesis.
Protective clothing can be extremely useful in protecting workers a number of
occupational hazards including chemicals, cold stress, radioactiangination, burns,
among other deleterious exposures. Unfortunately, clothing cameal$3do heat stress
and heat-related disorders. The beneficial and potentially hazartatecteristic of
clothing is its ability to act as a barrier. Some of therddgjualities of clothing barriers,
depending on intended use, include the ability to prevent the intragiohemicals or
other unwanted substances, reflect radiant heat, or provide thermboeguma cold
environments. However, the same barrier which protects the wosgkerllso cause
physiological stress. Clothing serves as an impedanderiarthe exchange of heat and
water vapor between the skin and the environment which can redolven rates of
evaporative cooling.  Restriction of heat exchange pathways may sairbdi
thermoregulation in cool environments with low-moderate metabot®s rar warm
environments with low metabolic rates. However, moderate-highlbokc rates in cold
environments or moderate metabolic rates in warm environments culldei heat
strain. Evident in this discussion is the importance of timefaaréh job risk factor for
heat stress. Moderate work rates in a warm environment magdumtel heat stress over
30 minutes but it may if work continued for 60 minutes keeping all otterigk factors
constant (ACGIH, 2010; Bernard & Ashley, 2009; Havenith, 1999).

Havenith (1999) described the most important factors of clothingveel® heat
stress to be the construction, configuration, and number of layars by a worker.
Loose fitting, light-weight clothing such as a cotton work uniform pesrisainbient air to

enter the ensemble and make rapid contact with human skin. In doinlgesair,



depending on temperature and humidity, supports evaporative-heat exchange b
transporting vaporized sweat and heat from the body to the enviraniNemt air from
the workplace environment takes the place of the exiting air tincenthe process. The
net result is evaporative cooling or loss of body heat. Singée l@por-barrier clothing,
multi-layered clothing, or clothing which is tight fitting can indpethe ability for
ambient air to enter and make contact with human skin. The wagkspipes but limited
or no evaporative cooling occurs because air is not adequatehatactirh and out of the
clothing. A very good example of vapor-barrier clothing can be old@mw®ng wetland
scientists who must wear chest waders to enter very was drging the summer months
in Florida. The coveralls effectively keep water from entetimg coveralls but the
ensemble is impermeable to both water and air. For this reaswtedliair is permitted
to circulate inside the coveralls, except from the “pumping éffactduced from body
movement, preventing sufficient removal of metabolic heat generatedvialking and
performing other demanding work (Havenith & Nilsson, 2004; Havenith, 1999).

Over the past several decades, studies have been perfoomexpdse the
principal factors governing the thermal properties of assodething ensembles
regularly used in occupational settings (Bernard et al. 2010;v€lkraet al. 2008;
Havenith et al. 2008; Barker et al. 1999; Holmer et al. 1999; Kennaly £993). The
most commonly used values to describe the thermal propertidstioing and what is
recommended by the ISO are: total insulatia), (ivater vapor permeability, expressed
using a moisture permeability index,Xi and total evaporative resistance.{R Each
value will be described in detail in Chapter 2 but a brief desmniif R. 1 is warranted

considering its importance in characterizing the risk of heasstamong clothing



ensembles. K- values are expressed irfkRaW?* and static (Rt sw) Or resultant (Br o)
values can be calculated (Barker et al. 1999; Kenney et al. 1$38)ic values reflect
periods of clothing wear absent air or body movement while resultamgsvare adjusted
for conditions where workers are in motion and air movement existse t&rm
“apparent” is often used to describe resultant values becauseatbemeasured in
laboratory settings and may not represent accurately the cabeplimechanisms of heat
transfer experienced in the workplace (Caravello et al. 2008)wilAlse seen in Chapter
2, R.tavalues are largely contingent on the differences in water vapssyre between
the skin and air. Different clothing barriers will prohibit anili the transfer of air and
moisture between the skin and the environment, thus artificiallyirgjtevater vapor
pressure differences inside the ensemble. The end resuleduction in evaporative
cooling. R, estimates the water vapor resistance observed from thetcskine
environment under prescribed climatic conditions and work demand. Whamnalses
Re 1,250 useful and telling of heat stress conditions is the estilhmasistance takes into
consideration all layers of clothing, as well as enclosed and bouadalgyers (ISO
2007).

The problem examined in this thesis is the relationship betwgegvBRlues and
variable moisture levels in the environment. Presently unknown eshehR 1 ,varies
or remains the same with changes in ambient air temperatyeofTambient water
vapor pressure @Pin hot environments. The purpose for this study is to calculatg R
for five clothing ensembles under varying heat stress conditionaraigze results using
a mixed model analysis of variance (ANOVA) in combination wittkk@y’'s Honestly

Significant Difference (HSD) multiple comparison tests tdedaine if statistical



differences between (R, values exist. All Rr4 calculations were conducted using
environmental and physiological data over a range of heat stedgiens at, near, or
beyond critical conditions. The data were collected previouslyargv@llo et al. (2008)
and Bernard et al. (2005) using a progressive heat stress protdeoipirically
quantifying the relationship betweene R, using variables derived from different
environmental conditions which promote stress on the thermoregulation nedes
advance heat stress research and help safety professiorasfield advise employers

regarding appropriate clothing for use in work settings.

Resear ch Question

The following research question is addressed in this thesis:

“Will estimates of R, for five different clothing ensembles remain the same

independent of compensable, critical, and uncompensable heat stress levels?”

Significance of Research

This research is critically important to industry, firstp@sders, and the military
where heat stress hazards exist in the workplace. Thetépst@avards the selection and
implementation of controls to mitigate risks associated with exposo chemical,
physical, or biological agents is a thorough risk assessntémwledge of the job risk
factors linked to heat stress is necessary for the design acdtiex of any effective
company heat stress control program. Addressing one hazard maytioiaty create

another, more substantial hazard. For example, procuring proteactivengl without



consideration for its thermal properties may prevent scratchesjtespl contact
dermatitis, or burns but it may result in rapid heat stress &arevs depending on
environmental conditions and workload. It is essential for companyysafegram
managers to have some level of understanding of the construction anduaitfig
characteristics of protective clothing. Although a great ddanown relative to the roles
of different clothing factors in thermal regulation, much is ydig¢dearned. This thesis
seeks to uncover the relationship(s) between ;alues and different environmental
conditions, and expand current knowledge of thermal properties of pvetastrk

clothing.

Overview of Thesis

Chapter 2 of this thesis contains a literature review regatti@gestimates of
clothing heat and vapor resistance, testing methods for computintatestj progressive
heat stress protocol, and heat exchange processes in hot environiRelhbsving the
literature review, Chapter 3 describes the methods used in teetiool, extraction, and
analysis of data for this thesis. In Chapter 4, the data bhudatad and graphically
displayed. Chapter 5 presents statistically significant trandscompares thesis results
with other published findings. Potential heat exchange pathwaysiogcduring human
trials are evaluated and discussed, and conclusions are reported amsti@ug @ future

research offered.



CHAPTER 2: LITERATURE REVIEW

Estimates of Clothing Heat and Vapor Resistance

Protective clothing is becoming more important in the workplacengdoyers
become more aware of regulatory requirements and potential heatitdfigpresent in
work settings. Many different types of hazardous jobs exfsth require clothing
impermeable to water or vapor, or both. In some cases, multiples lafyelothing are
necessary. Protective clothing meeting these requirementslikelly increase the
thickness or insulation of clothing while simultaneously reducing traparation of
sweat from the skin (Kenney et al. 1993). To protect workers, gerglonust carefully
choose the most suitable clothing ensemble given the environmenthti@as of the
worksite, work demand, and thermal properties of clothing (Barkalr 999). Special
consideration must be afforded to heat transfer properties dfirdosuch as total
insulation (¥), water vapor permeability expressed using a moisture peribeatiex
(im), and total evaporative resistance {R all which have been shown to influence the
cooling capacity of the human body under heat stress conditiorsv@@iaret al. 2008;

Barker et al. 1999; McLellan & Frim, 1994; Kenney et al. 1993).

Clothing Insulation
I+ is a calculated value representing the ability of an ensetold#ow dry-heat

exchange between the skin and the environmeni. intorporating both fabric and
10



enclosed air pockets, is expressed fiGrw* and both static {kw) and resultant {l,)
values can be estimated. The American Society for TestidgMaterials (ASTM)
publishes criteria for determining 4. values for different clothing ensembles (ASTM,
2002) while the International Organization for Standardization (IB@)k st Values for

a number of commonly used ensembles (ISO, 2007). A method for estinhating
recommended by the ISO is discussed later in this sectionhit@ansulation is also
commonly expressed as total intrinsic clothing insulatigg) (@r clo as used in some
publications (ISO, 2004a). Highervalues are characteristic of lower dry-heat exchange
levels by convection and radiation (Barker et al. 1999). Reseadotates that the
presence of air pockets has a greater influence on heat #tessclothing fabric
composition and is affected by the introduction of air into the garifnemt wind and
fans or from body movements and changes in posture (Havenith &Nil2004;
Havenith, 1999; Havenith et al. 1990). Nilsson, Anttonen, and Holmer (2000yethser
that k may be reduced by as much as 20-30% by walking. The insutapaeity of
clothing material also diminishes as it becomes inundated wisipipation (Brode et al.
2008; Caravello et al. 2008; Havenith et al. 2008; Holmer & Nilsson, 199%)e¢eet al.
1993). It is notable that significant changes+imekult in only minimal adjustments to

Re restimated values (Barker et al. 1999; Bernard & Matheen, 1999).

Water Vapor Permeability
The ability of water vapor to travel through clothing fabrioNssin the skin and
the environment is estimated by the dimensionless valueThe moisture permeability

index is calculated using the equatigpn=i I+ / 16.7 R 1, where 16.7 refers to the Lewis
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Number expressed as 1&7kPa’ (ISO, 2007; Woodcock, 1962). Both statig k) and
apparent 5 values may be calculated depending on the natureasfd R testimates
used in the equation. Appareptvalues are greater than those estimated statically due to
the “pumping effect” described by Havenith & Nilsson (2004) and Havedi999).
Using five different types of single-layered cotton woven fabaied a constant ambient
air temperature () of 23C, Hes & Araujo (2010) found that tight fitting, wet layered
clothing increase water vapor permeability while loose-fiftidgy layered clothing
exhibited the lowest values. It can be demonstrated from the eqtizdiolower R 1
values for a given clothing ensemble will lead to higheralues and rates of evaporative
cooling (Anna, 2003). The inverse relationship observed betwgeari® |, reveals the
significance of clothing permeability and the movement of weadpor between the skin

and the environment to heat exchange in hot environments.

Evaporative Resistance

Evaporation of sweat on the skin surface is the primary coolinchanésm
employed by the body to maintain body core temperature in hotoenvants making
Re 1 of primary importance (Caravello et al. 2008; Havenith et al. 28@8ner, 2006;
Holmer, 2006). Ry values are calculated statically:(Ris) or dynamically (Rt with
higher values observed when estimated under static conditions (IGaetval. 2008).
Clothing with higher porosity and smaller insulative pockets of dlrgenerally yield
lower R.r estimates (Bernard et al. 2010; Gonzalez et al. 2006; Holmer, .2006)
Havenith, Heus, and Lotens (1990) found that body movement and wind effacts ca

reduce Ry estimates by as much as 88%. Therefore, estimatirguRder dynamic
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conditions not only quantifies the ability for clothing to support evap@aioling but it
does so under environmental conditions which most closely mimicwad settings
(Caravello et al. 2008). HighereRvalues imply higher levels of heat stress am

versa(Barker et al. 1999).

Testing Methods for Estimating Clothing Heat and Vapor Resistance
Levine, Sawka, and Gonzalez (1998) outlines the four primary testatigods
for estimating clothing heat and vapor resistance: (1) heateg (B3t heated copper

manikin; (3) modeling; and, (4) human subjects. A description of each method follows.

Heated Plate

The heat transfer properties of single or multi-layered fabaimples can be
determined using a temperature-controlled, heated (flat) platdined inside an
environmental chamber. Methods for measuring heat and vapetanes using the
guarded hot plate are prescribed by the ISO (ISO, 1993). Thedheglate method
attempts to simulate the heat exchange pathways betweenrirengkihe environment,
and provides a relatively inexpensive and rapid means for testiagge number of
fabrics. Unfortunately, the heated plate does not take into acdmuetfects of human
sweat or air and body movements. Another shortfall of the heated mp&thod is the
heat transfer properties of fabric samples can change when tategnéo a clothing
ensemble (Barker et al. 1999; Levine et al. 1998). Neverthelesamber of textile
studies have been performed using the heated plate or a sirdgargned apparatus to

characterize the affects of temperature and humidity on elifféabrics, membranes, and
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laminates (Huang & Chen, 2011; Fukazawa et al. 2003; Gibson, 2000, 1999a; &ibson

al. 1999b; Barnes & Holcombe, 1996).

Heated Copper Manikin

The thermal properties of protective clothing ensembles cademified using
life-sized, thermal copper manikins. Procedures for using themaaikins are outlined
by the ASTM and ISO (ASTM, 2005; ISO, 2004c). Mannequins are computecibedt
and positioned inside temperature regulated environmental chambedgiriamonitor,
measure, and control for different environmental and physiologicalitcmms. Most
manikins are covered completely with form-fitting cotton to siteuteuman skin which
can be wetted with distilled water to account for human sweaie lsldvanced manikins
can simulate limited body movement and may have 30 or more poni® surface of
the manikins to manipulate and/or record “skin” surface tempesa(@euskill et al.
2002; Havenith et al. 2008). High costs and logistical issues assbueidh technically
advanced manikins results in most data being collected using statioaaikins in non-
sweating conditions (Bouskill et al. 2002). Using copper manikinsipethe collection
of temperature-controlled data for different ensembles, accoufdmghole clothing
ensembles, clothing configuration, sweat, and, in rare cases, padiaimovements. A
major limitation of manikins is they do not account, in most cas®esintreases in
convective heat exchange produced by body movements and air “pumpimgl’ autaof
insulative air pockets located between the wearer and outer Eyeslothing.

Nevertheless, they permit researchers to study the th@moérties of clothing using
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extreme temperatures beyond those permitted using human subpdtsr (& al. 1999;

Levine et al. 1998).

Modeling

Although modeling does not, by itself, generate data regardergal stress it is
worth mentioning because it is becoming a popular method for predpdtiysjological
responses to different clothing ensembles and combinations of envirohraedta
metabolic conditions (Levine et al. 1998). Additionally, researchexsising computer
modeling in an attempt to improve scientific understanding of nliorates. Data
generated from heated copper manikins or human trials areceimtralifferent types of
computer modeling software and desired outputs are calculated autdipatGhaddar,
Ghali, and Jones (2003) offer a thorough review of a variety of commateels used in
heat stress investigations. Wang et al. (2011) recently evélteggredicted heat strain
(PHS) model (ISO 7933) using six human subjects, three ensemlddsng thermal
insulation between 0.63 and 2.01 clo), and two environmental conditions. Redtal
skin temperatures predicted by the PHS model using set dimatiditions were
compared to data generated from human trials under the same envitaincoaditions.
The PHS Model failed to predict accurately the skin tempegatfor all three ensembles.
In spite of this, the model's prediction of rectal temperatuvas within 1 standard
deviation (SD) of observed rectal temperatures for two of threenebles. The predicted
versusobserved rectal temperature for the third ensemble (2.01 cld3.®&a<$SD greater
than the subject average mean SD. Wang et al. (2011) sugtestedvisions to the

PHS model were needed to account for protective clothing with haghirad) insulation

15



estimates. Limitations to the study included a small samigke, sise of clothing
ensembles beyond the validation range of the PHS model (<0.6 alby patentially

inaccurate instrument for measuring metabolic rate (Wang et al. 2011).

Human Subjects
Human laboratory research provides the best approximation of waekplac

conditions because it accounts for all of the parameters captumgl msinikins, in
addition to air and body movements. All human subject research regppesval from
institutional review boards and volunteer consent forms. Healthy votardee selected,
medically screened, and acclimatized prior to the initiation xgfeement trials.
Acclimatization and experiment trials are conducted insidenaat-controlled chamber
under varying environmental conditions. Vital signs, body-core teatyer; among
other physiological and environmental data, are closely monitoredgdthie trial to
protect human subjects and for the collection of thermoregulatory Batadvantages of
using human subjects in heat stress trials are costs, timesaingctieening requirements,
ethical considerations, and variability among human subjects (Betrkakr 1999; Levine

et al. 1998).

Progressive Heat Stress Protocol

The progressive heat stress protocol is a method first developBdldhng and
Kamon (1973), refined by Kenney et al. (1993), and continued by Claratell. (2008)
to identify the critical condition where the threshold of thermomraguy balance exists.

A thermal load is slowly imposed on a person by means afugtaincreases in air
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temperature or water vapor pressure eliciting physiological respotts maintain
homeostasis. Climatic changes are made every five minutestpegrthe body to arrive

at a temporary thermal equilibrium at each step. Further s&sem temperature,
moisture, or both, eventually cause the body to reach a maximumnirare heat gain
equals heat loss. The moment at which the critical conditiorhis\ead is dependent on
several factors, including differences among individuals, clothingn@sies, workload,
and environmental conditions. The protocol enables,Ralues to be estimated without
having to weigh subjects or measure directly the water vapssymeof skin (Kenney et
al. 1993). Furthermore, estimategRvalues take into account air and body movements

and sweat (Caravello et al. 2008).

Heat Exchangein Hot Environments

There are several important heat exchange pathways thae caed to describe
heat loss or gain in hot environments. Normal heat exchange probessesn the skin
and environment can be modified when one or more layers of clotrenmgtemduced.
Clothing acts as a barrier to heat exchange preventing the intmdoé€tcooler air into
the ensemble or the escape of water vapor transporting heattovirenment. Potential
outcomes are the development of microclimates inside a clothiegnbies and a shift in
the manner with which heat exchange is accomplished. A discussmitraficlimates
and heat exchange pathways encountered in hot environments where closieimdples

are worn is presented.
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Microclimates and Microclimate Effects

Microclimates are produced in small pockets of air between akahclothing
layers and are characterized by extreme temperature antimaasadients compared to
ambient environmental conditions (Holmer, 2006). The significance afoatimates
cannot be overemphasized as they impact the physiological respompssplef wearing
clothing in heat stress conditions. Clothing construction (thermal miege and
configuration largely determine the nature and magnitude of micraids (Holmer,
2006). For example, a vapor-barrier ensemble with no openings touinenement can
generate microclimates characterized by 100% relative hiymighere the saturation
pressure of water in the environment)(Bxceeds the water vapor pressure at the skin
(Ps). Heat exchange is reversed y»FPs warm, humid conditions as the body receives
heat from the environment, consequently exacerbating the physidleffieets of heat
stress. The same can be said when microclimates are produegdtigg extreme hot,
dry conditions where theqfis greater than skin temperatureg)(Bouskill et al. 2002).
What is different between the warm, humid and hot, dry conditionthareeat exchange
processes involved (Havenith et al. 2008).

Also important in the thermoregulation of microclimates isnaavement inside
the clothing ensemble. Air from the environment can gain accesshmtensemble by
(1) permeation through the garment material, (2) unabated convectiv@a@ment into
openings, and (3) forced penetration caused by wind, fans, and bodymemise
(Bouskill et al. 2002). First described by Birnbaum and Crockford (18i8)further
examined by Bouskill et al. (2002) is the Ventilation Index)(Which is used to quantify

the air exchange properties of clothing. Bouskill et al. (2002) useghiim enclosed in

18



a controlled environmental chamberg{E 1C and R = 0.73 kPa) under static and
dynamic (moving) conditions to demonstrate that increases ipr&uced by different
walking speeds and air speeds reducgdof two ensembles. As anticipated, greater
effects were observed in the single layer ensembisusthe triple layer ensemble. A
final feature of microclimates relevant to heat exchaagke average air layer thickness
between human skin and clothing. Several techniques are used toteestapaed
volume including 3D whole-body scanning, use of a thin airtight suit theegarments,
and modeling. Daanen, Hatcher, and Havenith (2005) investigatedea|tdohniques
on human subjects wearing only bicycle shorts, bicycle shorts wghirf-and a
coverall. It was determined that the microclimate volume for the coveraisnore than
double that of the other two ensembles. Further, the 3D scanning metived o

supply the most accurate estimates of microclimate volumes.

Heat Exchange Pathways

Clothing interferes with heat transfer between the skin toeth@onment by
limiting (1) dry-heat exchange or (2) evaporative-heat exchangg-h&at exchange is
comprised of conduction, radiation, and convection while evaporative-helaarge
involves the evaporation of sweat at the skin surface directlyheterivironment or into
a microclimate when clothing is worn. In hot environments, evaporatae exchange
serves as the primary mechanism in maintaining thermal equmfibr Havenith et al.
(2008) emphasizes the “microclimate heat pipe” in hot environments when the skin is we
and clothing is worn. The microclimate heat pipe is an evapofabndensation cycle

triggered by the evaporation and subsequent condensation of sweat ondinefirtke
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outer clothing layer. The evaporation process transports heat stirftaee of the skin
into the microclimate where it is transferred to the clothaiygt upon condensation. The
heat contained in the inner layer of the wet clothing is deliveyetie outer layer of
clothing where it is removed by dry-heat exchange processes mitroclimate
evaporation/condensation cycle is influenced by temperaturetgfiexaporative heat
loss rate, and the water and vapor permeability of the clothing b&ing Havenith et
al. (2008) also describes a process of wet conduction that takeswghan clothing
layers become saturated with sweat. Clothing saturation cam etther through the
condensation of sweat via the heat pipe or by making direct conthactvet skin and
soaking up excess perspiration (a process also knowitkisg).

Only dry-heat exchange processes are present when the dkyn Bry heat loss
is enhanced with increasing differences betwegraid T.. At lower temperatures and
when the skin is wet, both dry- and evaporative-heat exchange pocesser
simultaneously, albeit not as similar rates. At higher teatpess where Jequals Tk
(generally at 3% or greater) dry-heat exchange is largely inhibited leagiragorative-
heat exchange as the only mechanism for cooling the body. bEemce of dry-heat
exchange is significant because it does not permit the removahbfrbm clothing as
required by a fully functional microclimate heat pipe. Aspproachesg evaporative-
heat exchange becomes moderated, ceasing altogether wheRsP(Havenith et al.
2008; Bouskill et al. 2002; Barker, 1999).

Equations (1) and (2) demonstrate the relevance of different éxeatainge
pathways in the estimation ofeR,values using the progressive heat stress protocol

(Caravello et al. 2008; Kenney et al. 1993; Belding & Kamon, 1973):

20



(Psk— Py / Rera= Hnet+ (Tap— Tsi) / I1r Equation (1)

Hnet= M — Wext — S + Ges— Bees Equation (2)

According to equation (1), the critical condition represents thermem heat loss
attributed to evaporative cooling balanced by the net heat gainirfiternal sources and
dry-heat exchange. Evaporative cooling is equivalent to the ehfferbetweensPand
P, divided by the estimatedcR. Net heat gain (K) is comprised of the sum of
metabolic rate (M) and respiratory exchange rate by conveigh less external work
(Wex), Storage rate (S), and respiratory exchange rate by evapoifatign Equations
for estimating M, Wy, S, Ges and Ees are discussed in Chapter 3. Heat stress trials are
normally conducted in non-radiant environments permitting dry-heat egeht be
estimated using the difference inpTand & divided by t, (Caravello et al. 2008;
Kenney et al. 1993; Belding & Kamon, 1973).

Equation (1) is only valid for estimatinge R, at the critical conditions of the
progressive protocol due to the reliance on heat balance. The methstini@tiag R 1.2
is dependent on estimates af;, la prerequisite founded on the assumption established by
Kenney et al. (1993) that clothing insulation and evaporative reststecconstant in
warm, humid and hot, dry conditions. Bernard et al. (2010), Caravello(20@B), and
Barker et al. (1999), collectively known as the University of Soldhda (USF) Group,
adopted this approach contending that the influence of clothingtimsubn evaporative

resistance is negligible (Bernard et al. 2010). Building on th& wbthe USF Group,
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the present research investigates whether,Rvill remain the same independent of

environmental climatic conditions over a range of heat stress levels.
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CHAPTER 3: METHODOLOGY

Overview

Environmental and physiological data collected by Caravelld. @08) and
Bernard et al. (2005) using a progressive heat stress protocobxteseted to estimate
empirically the apparent total evaporative resistangg JRof five clothing ensembles at
a moderate metabolic rate and three levels of relative humigity). A detailed

methodology for data collection, extraction, and analysis is provided.

Participants

Fourteen adults (nine men and five women) participated in expetamtrials.
The average and standard deviation of their physical charécterlsy gender are
provided in Table 3.1. The study protocol was approved by the UnivefsBpuh
Florida Institutional Review Board. A written informed consens watained prior to
enrollment in the study. Each participant was examined by acprysind approved for
participation.  The participants were healthy with no chronic disea@sguiring
medication.  While smoking status was not an exclusionary factorf mese
nonsmokers.

Participants were reminded of the need to maintain good hydration. On the day of
the trial, they were asked not to drink caffeinated beverages 3 Ihedfose the

appointment and not to participate in vigorous exercise beforeridde tPrior to
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beginning the experimental trials to determine critical comaltj participants underwent
a 5-day acclimatization to dry heat that involved walking on altndhat a metabolic
rate of approximately 165 W frin a climatic chamber at 80 and 20% RH for 2 hours.
Participants wore a base ensemble of shorts, tee-shirt (andfts bpa for women),

socks, and shoes.

Table 3.1. Physical Characteristics of Participants (Mean + Sthibdasiation)

: : Body Surface
Age (Years) | Height (cm) Weight (kg) Area (i)
Women (n = 5) 32+9 161 +7 63.4 +17.3 1.66+0.2
Men (n =9) 297 1835 97.4+184 2.18 £0.2
Both (n = 14) 307 175+ 12 85.3+24.2 1.99 £ 0.3
Clothing

Five different clothing ensembles were evaluated. The enseinicladed work
clothes (135 g ficotton shirt and 270 g frcotton pants), cotton coveralls (305 ¢)m
and three limited-use protective clothing ensembles includingtialpebarrier ensemble,
Tyvek® 1424, water-barrier, vapor-permeable ensemble (N€XG8m17), and a vapor-
barrier ensemble (Tychem GQpolyethylene-coated Tyv8k The limited-use coveralls
had a zippered closure in the front and elastic cuffs at the amthéegs. None of the

ensembles included a hood. The base ensemble was worn under all clothing ensembles.

Equipment
The trials were conducted in a controlled climatic chamber. p€esture and
humidity were controlled according to protocol and air speed was 05 niisart rate
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was monitored using a chest strap heart rate monitor. Core tamee(Ts) was
measured with a flexible thermistor inserted 10 cm beyond thesahaicter muscle.
The thermistor was calibrated prior to each trial using a hot water bath.

The work demand consisted of walking on a motorized treadnallspteed and
grade set to elicit a target metabolic rate of 165 V¥ mMeasurement of oxygen
consumption was used to assess metabolic rate. Participarntedrmough a two-way
valve connected to flexible tubing that was connected to a colldzdign Expired gases
were collected for about 2.5 min. The volume of expired air wasumeg using a dry
gas meter. An oxygen analyzer was used to determine oxygemtcomtair. A
metabolic rate was recorded for each trial which was theageeof three samples of
oxygen consumption taken at approximately 30, 60, and 90 minutes intd anulia

expressed as the rate normalized to body surface area.

Protocols

Each ensemble was worn by each participant performing s&egitia moderate
rate of exertion. The order of ensembles was randomized. triatythat had to be
repeated was repeated at the end of the schedule. Most patticipanpleted one trial
per day, but some completed two trials per day with at lehsufs of recovery between
trials. The study design called for three environments: waumid at 70% RH (R7);
hot, dry at 20% RH (R2); and a midrange 50% RH (R5). For the &dqmi, the dry
bulb temperature @) was set at 3« and RH at 70%. Once the participant reached
thermal equilibrium (no change inc.Tand heart rate for at least 15 minutesy), Was

increased 0°C every 5 minutes. In the R2 protocoly, Tvas set at 4C with RH at
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20%. When participants reach thermal equilibriurg, Was increased°C every 5
minutes. For the R5 protocolgpwas set at 3€ with 50% RH. On reaching thermal
equilibrium, Ty, was increased 8 every 5 minutes. During the trials, participants
were allowed to drink water or a commercial fluid replacemeneriage (Gatorad? at
will.

Core temperature, heart rate, and ambient conditions (dry bulb, psyethc wet
bulb, and globe temperatures;q,T Tow, and T, respectively) were monitored
continuously and recorded every 5 minutes. Trials were scheduladtt®20 minutes
unless one of the following criteria was met: (1) a clear insT, associated with a loss
of thermal equilibrium (typically 0°C increase per 5 minutes for 15 minutes); (2) T
reached 3%C; (3) a sustained heart rate greater than 90% of the agetptediaximum

heart rate; or (4) participant wished to stop.

I nflection Point and Deter mination of Critical Conditions

The inflection point marked the transition from thermal balaocéhé loss of
thermal balance, where body core temperature continued to ridewas in Figure 3.1
for one trial. The chamber conditions existing at the timeé ohinutes before the
observed increase in core temperature was defined as thmal cabndition. One
investigator noted the critical condition and some of the decisicre wandomly

reviewed by a second investigator.
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Figure 3.1. Time Course of Rectal Temperature for One Trial

Data Extraction

The progressive heat stress protocol permitted the collectidatafat, near, or
beyond the critical condition for each participant. Environmental ansiglbgical data
were extracted at three different stages of heat stmsapénsable, transition, and
uncompensable; C, T, and U, respectively). The stages include2D ¢h)nutes before
the critical condition (C); (2) at the critical condition (8nd (3) 15 minutes beyond the
critical condition (U). Theoretically, 630 rows of data were ciypsited based on 14
participants, five ensembles, three RHs, three stages of treas,sand a constant
metabolic rate. However, 663 rows of data were extracted aspkhted trials were

conducted. Each row incorporated 28 columns of data producing a total of t8|664
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blocks containing data. Data extraction was performed by two iga&sts and all data
were entered into Microsoft Excel 2007. A third investigator performed a random
verification of 25% of the database following data extraction infyemgj 11 errors
(0.24%). Error percentage was calculated by multiplying 166 (258%eofows) by 28
(number of columns in each row) and dividing the product into 11 (number o$)erro
The resultant value was multiplied by 100 yielding 0.24% error. ddhtified errors

were corrected prior to computing R.values.

Calculation of Clothing Parameters

Environmental and physiological data for each of the 663 combinatioesused
to estimate Rravalues. The following is the process to calculate derived viduesch
trial based on trial conditions for the participant and environment.

Referring to Kenney et al. (1993), metabolic rate (M), extewmk (Wex),
storage rate (S), and respiratory exchange rate by convectigra(@ evaporation (k)
presented in equation (2) were estimated as follows. M in ¥Mvas estimated from

oxygen consumption (%) in liters per minute:

M =350 - \b2/ Ap Equation (3)

The Dubois surface area fA was calculated for each subject ap A

0.202m>*?*. H"® where g was the mass of the body (kg) and H was the height (m).

Wex Was calculated (W 'r"r) in the following manner:
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Wext = 0.163m - V- fg/ Ap Equation (4)

Vw was the walking velocity in m miwhile fy was the fractional grade of the
treadmill (%). Values for G (W m?) and Ees (W m®) were calculated using equations
provided in ISO 7933 (2004a). The estimation qfs Cequired that expired air

temperature (&) be calculated usingsFand R:

Texp= 28.56 + (0.115 - gf) + (0.641 - B Equation (5)
Eres= 0.00127 - M (59.34 + 0.53 goF- 11.63 - B Equation (7)

Kenney et al. (1993) recognized that there may be some heajestefaesented
by a gradual change ineI To account for this, the rate of change in heat storage can be
estimated knowing the specific heat of the body (0.97 % hkg?), m,, and the rate of
change of body temperaturaT,. At') as an average over the 20 minute period
preceding the inflection point. This approach was taken by Barkal €1999) with

some changes in sign conventions:

S=0.97m- AT Apt At Equation (8)
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Total static clothing insulation{(l) values were determined according to ASTM
F 1291,Standard Test Method for Measuring the Thermal Insulation of Clothing using a
Heated Manikin using a fixed environment and adjusting the heat input to achieve
thermal equilibrium (ASTM, 2002). In the current study, these vakeze treated as a
fixed value for all ensembles.

The total dynamic clothing insulationr () was estimated according to 1ISO 9920
(2007) (Equation 32) in two stages. First, the correction factdnsotation (CFI) was
calculated according to Havenith and Nilsson (2004) (Equation 4)S(Dd920 (2007)
where v is air speed (0.5 nf)sand w refers to walking speed or speed of the treadmill (m
s%) for each wear trial. This adjustment for air and body movemvasatsimilar to that

proposed by Holmer et al. (1999). The equation to estimate the CFl is as follows:

CFI = exp[-0.281(v — 0.15) + 0.044(v — 0.15)0.492w + 0.176% Equation (9)

Second, 1 srand CFI values were multiplied by 0.9 (reduced by 10%) fimajiz

the estimateds), to account for the reduction in insulation due to wetting (Broda. et

2008):

Ity = CFIl - ksta- 0.9 Equation (10)

Re 1 avalues were calculated by rearranging equation (1).

Reta= (Psk— P / [Hnet + (Tab— Tsi) / 114 Equation (11)
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Each , value was inserted into equation (11) along with other applicable
environmental and physiological data for each combination to detitha Rt, The

process was repeated yielding 663rRvalues in all.

Statistical Analysis

JMP® (version 7.1) statistical software (SAS, Cary, North Carolima used to
analyze data. A mixed model analysis of variance (ANOVA)ambination with
Tukey’'s Honestly Significant Difference (HSD) multiple compan tests were used to
determine where the main differences occurred. To analyzeekfgonships among
ensembles, RH levels, and heat stress stages, a four-way AN@¥¢Aperformed in
which those factors were fixed effects and the participants maintained as a random
effect. Also evaluated were three interactions between éhs&iRH levels, ensembles-
heat stress stages, and RH levels-heat stress stages. Thdedépariable for the

statistical test wasd} sand significance was established.at 0.05.
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CHAPTER 4: RESULTS

Overview

A four-way mixed model analysis of variance (ANOVA) was usedest for
three fixed main effects and three second order interactionee mkin effects were
ensemble, relative humidity (RH), and stage of heat stressicipants were treated as a
random effect. The analysis of the data demonstrated signifitiffietences for
estimated Rr,values among ensembles, RH levels, heat stress stages, aactiorisr
among ensembles and RH levels and ensembles and heat stres¢psta@e0001). No
significant interaction among RH levels and heat stresestags found (p = 0.67). A
Tukey’s Honestly Significant Difference (HSD) multiple compan test was used to

identify where significant differences occurred (p < 0.05).

Main Effects

A Tukey's HSD multiple comparison test was used to identifyetBfices among
ensembles. Referring to Table 4.1, there were no signifaiffietences among work
clothes, cotton coveralls, and TyVel424. Significant differences (p < 0.05) were
detected between NexGehS 417 and Tychem JC and among these two ensembles
and work clothes, cotton coveralls, and Tyveld24. The highest {3, values were
observed for the vapor-barrier ensemble followed by the wateeharapor-permeable

ensemble, particle-barrier ensemble, cotton coveralls (CC), and work dthgs
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Table 4.1. Least Squares Mean of Apparent Total Evaporative Resigtefh®a/W) for
Five Ensembles

Ensembles| Evaporative Resistanc{ Statistical Difference
wC 0.014 A
cC 0.015 A
Tyvek 0.016 A
Nexgen 0.019 B
Tychem 0.034 C

*Similar letters denote no significant differenggs< 0.05)

Tukey's HSD test demonstrated significant differences (p §)0dr each RH
level. Estimated Rr,values were highest at 20% RH and lowest at 70% RH as

demonstrated by Table 4.2.

Table 4.2. Least Squares Mean of Apparent Total Evaporative Resigtefh®a/W) for
Three Relative Humidity Levels

RH (%) Evaporative Resistanc{ Statistical Difference

20 0.023 A
50 0.018 B
70 0.017 C

*Similar letters denote no significant differenggs< 0.05)

Every stage of heat stress was determined to be signijichfierent (p < 0.05)
based on Tukey's HSD test. The compensable heat stressvstagdaracterized with
the highest estimated (R, values, while the lowest values were observed under

uncompensable heat stress conditions as shown in Table 4.3.

33



Table 4.3. Least Squares Mean of Apparent Total Evaporative Resigtefh®a/W) for
Three Heat Stress Stages

Heat Stress Stag( Evaporative Resistanc{ Statistical Difference

Compensable 0.024 A
Transition 0.019 B
Uncompensable 0.016 C

*Similar letters denote no significant differenges< 0.05)

I nteractions

The estimated &-avalues for each clothing ensemble at different RH levels are
shown in Table 4.4, andcR,Vvalues for every ensemble at 20, 50, and 70% RH are
illustrated in Figure 4.1. The results from Tukey’s HSD test revealedRthatvalues for
the Tychem Q& ensemble were statistically different (p < 0.05) frogr fRestimates for
all other ensembles at different RH levels. The NexXQ@e® 417 ensemble at 20% RH
was statistically different from all other ensembles ex@gpek® 1424 at 20% RH. See

also Appendix E for other statistical differences for interactions.

Table 4.4. Least Squares Mean of Apparent Total Evaporative Resigtefh®a/W) for
Five Ensembles at Three Relative Humidity Levels

Relative Humidity Levels
20% 50% 70%
WC 0.016 0.013 0.013
g cc 0.017 0.013 0.014
§ Tyvek 0.019 0.015 0.014
1T | Nexgen 0.022 0.018 0.017
Tychem 0.043 0.033 0.026

34



0.050
0.045

0.040 ~

0.035 \

0.030 \\ ——WC
0.025

Apparent Total Evaporative Resistance
(m%kPa/W)

--CC
0.020 — Tyvek
0.015 - 7; =><NexGen
0.010 —#=Tychem
0.005
0.000 . . .
20 50 70

Relative Humidity Level (%)

Figure 4.1. Least Squares Mean of Apparent Total Evaporative &essfor Five
Ensembles at Three Relative Humidity Levels

What was apparent from Figure 4.1 was the magnitude of diffeyancB.t 4
values of the Tychem JCensemble from those of all other ensembles, particularly at
20% RH. The Tychem JCensemble appeared to be the most sensitive to changes in
RH. There were greater differences amonrg falues at 20% RH where higheg £
values existed for all ensembles compared to 70% RH whezassimbles expressed the
lowest estimates. R ,values for the WC, CC, and TyV&k424 were grouped in the
same way at each RH level. Estimated: Rralues for the NexGE&nhLS 417 ensemble
were elevated slightly above, Ravalues for WC, CC, and Tyv&KL424 but maintained a
similar pattern at each RH level. . Ryvalues for the Tychem (Censemble did not

mirror the pattern of any of the ensembles.
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The estimated &r,values for every clothing ensemble at different heat stress
stages were compiled in Table 4.5, and thgrRvalues for each ensemble at

compensable, transition, and uncompensable conditions were graphed in Figure 4.2.

Table 4.5. Least Squares Mean of Apparent Total Evaporative ResigtgkPa/W) for

Five Ensembles at Three Heat Stress Stages

Heat Stress Stages
Compensable Transition Uncompensable
wC 0.017 0.014 0.012
(%))
2|cC 0.018 0.014 0.012
§ Tyvek 0.019 0.016 0.013
1T | Nexgen 0.024 0.018 0.015
Tychem 0.042 0.033 0.027
8 0.045
S
o 0.040 N
&) \
ad 0.035
® \\
= 0.030
T ~
%é 0.025 > ——WC
f_g S g x\‘ Tyvek
E 0.015 —<NexGen
% 0.010 —#=Tychem
g 0.005
<
0.000 . .

Stage of Heat Stress

C = Compensable, T = Transition, U = Uncompensable

Figure 4.2. Least Squares Mean of Apparent Total Evaporative &esstor Five

Ensembles at Three Heat Stress Stages
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Re.r.avalues for Tychem Q€and NexGefi LS 417 decreased more rapidly from
compensable to uncompensable stages of heat stress than the othecldtieg
ensembles. Figure 4.2 displayed a similar pattern seen ireHgurwhere the greatest
differences among & avalues were observed under compensable heat stress conditions,
which was characterized with the highestrRvalues for all ensembles. The patterns
demonstrated by estimated R, values for each ensemble indicated that the Tychem
QC® ensemble was most sensitive to different stages of heat stress, foljphNed®er?

LS 417 and Tyvek1424. WC and CC ensembles maintained a similar pattern &leng t
stages of heat stress which was reinforced by the lhattthere were no significant
differences betweendR svalues for each ensemble at the same RH level.

Similar estimated &r ,values among RH levels and heat stress stages yielded no

significant differences (p = 0.05) from Tukey’s HSD test.

Temperature and Vapor Pressure Gradients

The changes observed in R values for RH and heat stress stages might be
explained by changes in temperature and water vapor pressurgagévemperature
differences were calculated by averaging the differencekinftemperatures () from
ambient air temperatures ). Average temperature differencesy{F Ts) can be
indicative of the direction and magnitude of dry-heat exchangerafgevapor pressure
differences were estimated by averaging the differencesloieat water vapor pressures
(Py from skin (Ry). Average vapor pressure differenceg (PP,) provided information

regarding the magnitude of evaporative-heat exchange.
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The average temperature differences for different clothingvdries at three RH
levels were graphed in Figure 4.3, and the average temperat@remtts for different

clothing ensembles at three stages of heat stress were illustr&igdiie 4.4.
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0.0 — —<NexGen

Average Temperature DifferencC]
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20 50 70

Relative Humidity Level (%)

Figure 4.3. Average Temperature Differences for Five EnsendtléEhree Relative
Humidity Levels

As expected, greater temperature differences were obsernv2@@tRH with
lowest differences occurring at 70% RH. For three ensentides tvas a greater dry-
heat loss at 20% RH (117 Wanthan at 70% RH (12 W 7). The NexGefi LS 417
ensemble was not much different. Only the Tychen? &temble exhibited negative
average temperature differencesy(¥ Tas) resulting in dry-heat losses of -22 Wt

20% RH and -35 W fhat 70% RH. Additionally, the Tychem G@nsemble did not
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follow the pattern observed with other ensembles as less fanf2lifference existed

between temperature gradients at 20 and 70% RH levels.
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8.0 _—t
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Heat Stress Stages

Figure 4.4. Average Temperature Differences for Five Ensenabl@free Heat Stress
Stages

Similar average temperature differences for WC and CC datssprohibited the
line-plot for the WC ensemble from being detected in Figure 4.4. nAgai expected,
greater average temperature differences were assogidletthe uncompensable stage of
heat stress among all clothing ensembles. For three ensdhdresvas a greater dry-
heat loss under uncompensable conditions (83 ¥)than under compensable conditions
(35 W ni?). The NexGefi LS 417 ensemble was slightly different experiencing a dry-
heat loss of 61 W fhand 10 W rif under uncompensable and compensable conditions,
respectively. Only the Tychem G@nsemble exhibited negative average temperature
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differences (T > Tqy) leading to a dry-heat loss of -6 W?nmand -54 W rf under
uncompensable and compensable conditions, respectively. Every ensetolleda
relatively consistent pattern among RH levels.

The average pressure differences for different clothing enssnalblthree RH
levels were illustrated in Figure 4.5, while the average pressfieeences for different

clothing ensembles at three heat stress stages were displayed end=gur

6.0
5.0 \
I N

\\\ ——WC
3.0 X =B-CC

\\g Tyvek

2.0 =>NexGen
=#=Tychem

1.0

Average Vapor Pressure Difference (kPa)

0.0

20 50 70
Relative Humidity Level (%)

Figure 4.5. Average Vapor Pressure Differences for Five Enssmabl&éhree Relative
Humidity Levels

Greater average vapor pressure differences were observed &H20#th lowest
differences occurring at 70% RH. The greatest pressureegtadvere associated with

the Tychem Q&ensemble at all RH levels.
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Figure 4.6. Average Vapor Pressure Differences for Five Enssrablehree Heat Stress
Stages

Similar vapor pressure differences for WC and CC ensemblesbitechithe
visibility of the WC ensemble line-plot in Figure 4.6. All clothiagsembles with the
exception of Tychem QT experienced slight decreases in average vapor pressure
differences (0.3-0.4 kPa) from compensable to uncompensable heatssigess The
average vapor pressure of the Tychem®@@8semble remained fairly stable over heat

stress stages with a small increase under the transitional hesicsindgion.
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CHAPTER 5: DISCUSSION

Analysis of Results

Differences among ensembles were anticipated based orsthis rgublished by
Caravello et al. (2008). Caravello et al. (2008) reviewed tme gsmsembles used in this
study but only at 50% relative humidity (RH) and at critical coodg. The apparent
total evaporative resistance¢(R) values recorded by Caravello et al. (2008) at 50% RH
were 0.013 rhkPa W* for work clothes (WC), 0.013 fikPa W" for cotton coveralls
(CC), 0.015 rhkPa W* for Tyvek® 1424, 0.018 mkPa W" for NexGeff LS 417, and
0.032 nf kPa W* for Tychem Q€. The R1avalues presented in Table 4.1, while
including the effects of the three RH levels and stages aif dteess, were virtually the
same.

The R 1, values reported by Bernard et al. (2010), Barker et al. (1291,
Kenney et al. (1993) for WC were 0.014 kiPa W, 0.013 mikPa W', and 0.016 mkPa
W, respectively, and were comparable to the falue of 0.014 mkPa W* calculated
for WC in this study. The reported; Ravalue of 0.016 mkPa W for Tyvek® 1424 in
this study was also close to theRvalue of 0.017 mkPa W' documented at 50% RH
by Barker et al (1999). ThesRavalue of 0.019 mkPa W" obtained in this study for
NexGeff LS 417 was inside the range aof Rvalues 0.014 AkPa W" to 0.026 mkPa
W reported by Barker et al. (1999) at 50% RH for microporous barrigre three

garments used by Barker et al. (1999) were constructed dinblar had different films
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and included integral hoods. Because no hoods were used in this diftelgnces
among R tavalues may have been due to the use of hoods. It was, however,kalgre li
that the different films modified the thermal properties of theembles. The only
comparable ensemble to the Tychem®Q@Bsemble in the literature was a two-piece
ensemble over military fatigues used by Kenney et al. (1993)repteted a Rr,value

of 0.038 nfkPa W* for the ensemble which is higher than 0.034Ra W* estimated in
this study.

Statistical differences among RH levels, heat stress stagesitaratiions among
ensembles and RH levels and ensembles and heat stress stagastveaticipated. In
order to gain insight into the differences observed amang ¥alues for RH levels, heat
stress stages, and interactions among ensembles and RH levelssantbles and heat
stress stages, the relationship between temperature and vaparemsslients was
explored and evaluated. For this work, equation (11) from Chapiee@® to calculate

Re,t.avalues was revisited.

Re1a= (Psk— P / [Hnet + (Tab— Tsi) / 11,4 Equation (11)

As mentioned previously, water vapor pressure gradients wereae@edy the
differences between skin vapor pressure and ambient air vapor préagsure?,), and
differences between ambient air temperature and skin temmefdiyr— Ts) denoted
temperature gradients. Net heat gainefHand total resultant insulationr() remain
about the same for each trial and among each ensemble dextiogstinat the only

variables in equation (11) which can vary are differences in vaposuseesand

43



temperature. Dry-heat loss (DH) is characterized hy €TTs) / It and is influenced
significantly by changes in temperature gradients. Deceademperature gradients or
increases in vapor pressure gradients led to highes\Rlues.

In order to explain study results, each component comprising equatiow#$1)
tabulated for two clothing ensembles at different RH intervigdblé 5.1) and heat stress
stages (Table 5.2). WC was one of two ensembles chosen becaepeesented a

baseline ensemble used frequently in industry while the Tychéf é@semble was

different from all other ensembles under every environmental condition.

Table 5.1. Apparent Total Evaporative Resistance Values, Temperand Pressure
Gradients, and Net Heat Gain Plus Dry-Heat Loss Valuesviar Hhsembles at Three
Relative Humidity Levels

Ensembles wC Tychem

RH Levels 20% 50% 70% 20% 50% 70%
Re.1 a(M’kPa/W) 0.016 0.013 0.013 0.043 0.033 0.02
AP (kPa) 4.2 25 2.0 5.0 3.7 2.9
AT (°C) 14.0 5.4 1.5 2.3 3.4 3.7
Hret (W mit) 133 142 151 149 151 158
DH" (W m?) 132 52 14 21 -31 -34
Hret+ DH (W m™) 265 194 165 128 120 124

*DH = (Tap— Ta) / 11

The relationships among: R, values, vapor pressure gradients, apgd plus DH
for WC and Tychem QEensembles at three different RH levels were illustrated in

Figure 5.1.
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Figure 5.1. Least Squares Mean of Apparent Total Evaporativet&ess (A), Average
Pressure Differences (B), and Net Heat Gain Plus Dry-Hess (C) for Two Ensembles
at Three Relative Humidity Levels
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The changes among data in Table 5.1 progressed in the sact®mlireR 14
values and vapor pressure gradients were greatest at 20% RH astddow0% RH. For
WC, higher temperature gradients were observed at 20% RH witlowlest values
recorded at 70% RH. Temperature gradients as well,asplds DH remained fairly
stable for the Tychem JCensemble across RH levels. Referring to equation (11),
higher vapor pressure gradients (numerator) in conjunction with dthbleolus DH
values (denominator) yielded higheg R values for the Tychem JGensemble. The
elevated vapor pressure and temperature gradients for the WiGbémsmuntered each

other, resulting in Rr avalues that were nearly the same across RH levels.

Table 5.2. Apparent Total Evaporative Resistance Values, Temperand Pressure
Gradients, and Net Heat Gain Plus Dry-Heat Loss Valuesvimar Hhsembles at Three
Heat Stress Stages

Ensembles wC Tychem

Heat Stress Stages C T U C T U
Re,T,a(msza/W) 0.017 0.014 0.012 0.042 0.033 0.027
AP (kPa) 3.0 2.8 2.6 3.8 3.9 3.8
AT (°C) 3.7 7.0 9.2 -5.9 -2.9 -0.6
Hnet (W m'®) 143 143 142 153 153 152
DH" (W m?) 35 66 87 -54 27 -6
Hpet+ DH (W m™) 178 209 229 99 126 146

*DH = (Tgp— TsW / I C = Compensable, T = Transition, U = Uncomperesabl

The relationships amongsRaVvalues, vapor pressure gradients, apgd plus DH
for WC and Tychem Q€ensembles at different stages of heat stress werealegtn

Figure 5.2.
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The changes among data in Table 5.1 were also monotoRig, VRIues were
greatest at the compensable stage of heat stress and lomast uncompensable
conditions. Lower temperature gradients ang: plus DH values were observed under
compensable conditions with the highest values seen under uncompensablensondit
Vapor pressure gradients remained relatively similar for boserables across heat
stress stages. Using equation (11), it was evident that stghbe peessure gradients
(numerator) combined with loweryH plus DH values (denominator) resulted in higher
Re t.avalues for both ensembles.

Describing the relationships among variables in equation (11)ffatedit RH
levels and stages of heat stress provided a foundation to explaexbbatige pathways
which may have been present during heat stress trials. Avenagerature differences
for WC, CC, TyveR 1424, and NexGéh LS 417 were positive implying that
“microclimate heat pipes” were not present, and any sweat atatad on the ensembles
was the result of the wicking of sweat from the skin prior to ewjoor. A negative
average temperature difference of -3.1 Q.8 > Ty for the Tychem Q&€ensemble
may have supported a “microclimate heat pipe” but because tlgaitode of the
temperature gradient was small its presence was unlikely.e Tinegngs were consistent
with the results published by Havenith et al. (2008) who observed imcabe
evaporation/condensation cycles at lower temperatures (beld@) 26nd among
ensembles with higher evaporative resistances and temperaftiengs of 28C or
greater (Havenith et al. 2008). While clothing saturation retitloe total insulation {)
of clothing, thus increasing radiation and convective heat exchangelyitaffected

estimated Ry, values minimally (Caravello et al. 2008; Holmer, 2006; Barkealet
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1999; Bernard & Matheen, 1999; Havenith, 1999). Also important to consakethe
fact that tight-fitting clothing saturated with sweat iraged the water vapor permeability
properties of an ensemble. However, evaporative cooling magdoeed when sweat
was wicked by clothing because a percentage of the heat which mauxddeen emitted
during skin evaporation was left behind or dissipated by other, |éstemf heat-
exchange processes (Hes & Aruajo, 2010; Havenith et al. 2008; CairL&ll&lt, 1998).
In hot climates (d» > Tsy), it was possible for the heat energy in the environment to be
substituted as a driving force for evaporation further reducing bedy loss (Holmer,
2006; Bouskill et al. 2002).

Eliminating the presence of a microclimate evaporation/condensatate left
only two major pathways for heat-exchange: convection and diffuslamefith et al.
2008). The convection pathway was driven by air movement (veoi)athrough
clothing layers and resulted in the transfer of heat and water yaypaporated sweat)
from the skin to the environment. The diffusion pathway, incorporating coaduwstd
radiation heat transfer, and molecular diffusion of water vapontireees to be
maintained as the traditional theory for heat-exchange in hot enviranrttéavenith,
1999). However, results published by Bernard et al. (2010) and GonzaleZ2§06),
and reinforced by Havenith et al. (2010), found that evaporative coolingbettey
supported by the air permeability properties of the fabric thamblgcular diffusion.
Increasing levels of air permeability (porosity) improved the lo#ipa of clothing
ensembles to support the convective transfer of water vapor &pomative cooling
(Bernard et al. 2010; Gonzalez et al. 2006). Clothing with greaterigyo(@C, CC,

Tyvek® 1424) can ventilate evaporated water vapor with greater effigieesulting in
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lower R, 1 avalues. Clothing with lower porosity (NexGehS 417 followed by Tychem
QC®) exhibited lower capacities to ventilate leading to higRef , values. Clearly,
convection was the dominant pathway and had a greater impacgtravdues than the
diffusion (Bernard et al. 2010; Havenith et al. 2010; Gonzalez et al. 2006).

What remained unclear were the factor(s) which gave oighe experimental
results observed in this study. Different:Rvalues were calculated despite the fact that
the work demand and convective air movement were about the saveratRH level
and stage of heat stress. Theoretically, larger vapor peegsagients would have been
more supportive of evaporative cooling, promoting convective transport pbeatad
water vapor from the skin to the environment and lowgf Rralues. However, the
opposite finding was observed. The results of this study suggested that thrdneaige

processes present in hot environments were not as clear as conceived previously

Conclusion

The results of the study established that Rvalues do change with RH levels
and stages of heat stress and that the theoretical framewakplarning heat-exchange
in hot environments is not yet well-established. Also confirmad thie dominance of

the convection pathway over the diffusion pathway in hot environments.

Future Research
Further research to verify the findings of this study is rarged. Also
recommended is a close examination of the current model useduatevaeat stress to

evaluate its reliability under different stages of heasstend environmental conditions.
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New models may need to be developed around the convective propertieshofgclot
ensembles to understand the relationship between temperature and vegsurepr

gradients on Rravalues.

Study Limitations

Study results may have been influenced by random and systesmatic The
order of testing ensembles was randomized among study participantanit
confounding but some level of random error may have been introducedemiis
errors related to the precision and accuracy of heat lab insttsymes well as data
recording, were likely present. Errors, although very smaie detected during random
verification of the database following data extraction. Such ewotdd have impacted
Re,t.aVvalues, which are also vulnerable to errors inherent in the quaetitaethod used
in the study protocol described by Bernard et al. (2010) and Carastehl. (2008).
Most notably, the assumption regarding skin being fully wet may baga violated for
experimental trials conducted at the compensable stage oftressst. Additionally, Rr.a
values were estimated 20 minutes before and 15 minutes aftettited condition when
equation (1) may not be true (Bernard et al. 2010; Caravello et al). 2008 data were
collected in a controlled climatic chamber where other factdng;hwmay contribute to
heat stress, were absent or not measured. Finally, studisresnlbe extended to only

the five specific ensembles tested in the experiment.
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APPENDIX A: Aggregate Apparent Total Evapor ative Resistance Data

Table Al. Least Squares Mean of Apparent Total Evaporative ResistatkPa/W) for
Five Ensembles at Three Heat Stress Stages and 20% Relative Humidity

Heat Stress Stages

Compensable Transition Uncompensable
wC 0.019 0.016 0.014
g cc 0.020 0.017 0.016
§ Tyvek 0.020 0.018 0.017
1T | Nexgen 0.027 0.021 0.019
Tychem 0.054 0.041 0.034

Table A2. Least Squares Mean of Apparent Total Evaporative ResistatkPa/W) for
Five Ensembles at Three Heat Stress Stages and 50% Relative Humidity

Heat Stress Stages

Compensable Transition Uncompensable
wC 0.017 0.013 0.011
g cc 0.017 0.013 0.010
§ Tyvek 0.019 0.015 0.013
T Nexgen 0.022 0.018 0.014
Tychem 0.040 0.032 0.027

Table A3. Least Squares Mean of Apparent Total Evaporative ResistatkPa/W) for
Five Ensembles at Three Heat Stress Stages and 70% Relative Humidity

Heat Stress Stages

Compensable Transition Uncompensable
wC 0.017 0.012 0.010
$|cc 0.017 0.013 0.010
§ Tyvek 0.017 0.013 0.011
0 Nexgen 0.022 0.015 0.011
Tychem 0.033 0.025 0.019
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APPENDIX B: Aggregate Environmental Data

Table A4. Average Temperature Differen€)(for Five Ensembles at Three Heat Stress
Stages and Three Relative Humidity Levels (Mean * Standard Deviation)

Clothing Ensembles
RH (%) "'es"igggsess wWC cc Tyvek | NexGen | Tychem
20 C 105+2.8 100+26 97+3p 54+30 -55+22
20 T 143+25 137428 13.0+40 89+28 -1.9+2.2
20 u 17.0+2.6| 164+3p 155+3]8 116+81 05+[1.8
50 C 26+19| 31+18 21:2h 0416 -58+[1.9
50 T 59+14| 65+17 54+109 35+1)9 35+19
50 u 78+15| 86+16 74+20 57+1)9 -1.0+18
70 C 11+17] -14+17 -12+1p -25+12 -63+[1.0
70 T 1.7+20| 14+23 15+14 06+17 -34+f.1
70 u 37+22| 35+23 35+16 30+1)5 -1.3+[1.0
AT = Tgp - Tek

Table A5. Average Vapor Pressure Difference (kPa) for Fiverahkes at Three Heat
Stress Stages and Three Relative Humidity Levels (Mean + Standaati®®

Clothing Ensembles
RH (%) Hesat;ggsess wC cc Tyvek | NexGen | Tychem
20 C 42+04| 42404 44+0b 45+07 48+03
20 T 42+04| 42+04 45+04 4409 50+03
20 u 41+07| 42+05 45+0% 44+1]1 50+06
50 C 27+03| 26+04 30:0B 2907 36:+p4
50 T 24+03| 23+04 28+05 2804 37+0.2
50 u 22+05| 21+05 26+06 2604 3.7+0.2
70 C 23+03| 22+03 22408 25+03 3103
70 T 1.9+04| 20+03 20+03 22+0/4 29+03
70 U 1.7+04| 16+06 18+03 1804 27+03
AP = Ry~ Py
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Table A6. Temperature and Water Vapor Pressure Levels for FRisentbles (Mean *

Standard Deviation)

APPENDI X C: Environmental Datafor Main Effects

Ensembles| Ty, (°C) Ts (°C) AT (°CY AP (kPaj
wC 43.1+6.5 36.5+1.0 6.7+6.0 28+1.0
ccC 43.1+6.5 36.3+1.0 6.7+5.9 28+1.1
Tyvek 42.7+6.5 36.4+1.0 6.4+5.9 31+1.1

Nexgen 40.5+5.2 36.4+1.0 41 +4.6 3.1+1.2

Tychem 32.9+3.7 36.0+1.2 -3.1+2.8 3.8+0.9

AT = Tgp - Teis + AP = Ry - Py

Table A7. Temperature and Water Vapor Pressure Levels foe Retative Humidity

Levels (Mean £ Standard Deviation)

RH (%) Tab (°C) Ts (°C) AT (°CY AP (kPaj
20 45.7+7.7 36.6+0.9 9.1+7.2 45+0.6
50 39.5+5.1 36.3+1.0 3.2+45 2.8+0.6
70 36.2+4.1 36.1+1.2 0.1+3.2 22+05

*AT = Tao - Tes + AP = Ry~ Py

Table A8. Temperature and Water Vapor Pressure LevelshimeTHeat Stress Stages

(Mean + Standard Deviation)

Heat Stress Stag(  Tab (°C) Tsk (°C) AT (°C) AP (kPaj
Compensable 36.6 £6.2 354+09 1.2+57 3.3+x1.0
Transition 40.8 +6.3 36.4+0.7 44 +6.0 32+11
Uncompensable 439+6.3] 37.2+0.7 6.7+£6.2 3.0+x13

*AT =Tap - Tos + AP =R - Py
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Table A9. Temperature and Water Vapor Pressure Levels Yer Bisembles at Three

APPENDI X D: Environmental Data for | nteractions

Relative Humidity Levels (Mean + Standard Deviation).

Configuration Tan (°C) Tsk (°C) AT (°C) AP (kPa)
A2 50.7+4.3 | 36.7+0.8 14.0 3.7 42+05
A5 41.8+34 | 36.4+09 5.4+2.7 25+0.4
A7 37.8+3.7 | 36.3+1.1 1.5+2.8 20+0.4
B2 49.9+42 | 36.6+0.7 13.4 +3.9 4.2+0.4
B5 42.6+35 | 36.5+0.9 6.1+2.8 2.4+0.4
B7 37.1+38 | 36.0+1.2 1.2+2.9 20+0.5
C2 49.4+50 | 36.6+0.9 12.7+4.3 4.4+0.5
C5 414+36 | 36.4+0.9 5.0 3.0 2.8+0.5
C7 37.3+33 | 36111 1.3+2.4 2.0+0.3
D2 454+4.4 | 36.7+0.9 8.6 +3.9 4.5+0.9
D5 39.4+34 | 36.2+0.9 3.2+28 2.8+0.5
D7 36.7+3.6 | 364+1.1 04+27 22+05
E2 33.9+4.0 | 36.2+1.1 23+3.2 5.0+ 0.4
E5 325+37 | 359+13 3.4+27 3.7+0.3
E7 323+34 | 359+13 3.7+23 29+0.3

A = Work Clothes, B = Cotton Coveralls, C = Tyv&€k= NexGen, E = Tychem

2 = 20% Relative Humidity, 5 = 50% Relative Humydit = 70% Relative Humidity

*AT =Tap - Tos + AP = R - Py
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Table A10. Temperature and Water Vapor Pressure Levels forgasembles at Three
Heat Stress Stages (Mean + Standard Deviation)

Configuration Tan(°C) Tsk (°C) AT (°C) AP (kPaj
AC 39.4+57 | 357+0.8 3.7+53 3.0+0.9
AT 435+59 | 36.5+0.7 7.0+5.6 28+1.0
AU 465+6.2 | 37.3+0.7 9.2+5.9 26+1.1
BC 39.3+56 | 35.5%0.9 3.8+5.1 3.0+0.9
BT 434+58 | 36.4+0.6 7.0+55 28+1.0
BU 46.5+6.0 | 37.1+0.7 9.3+5.8 26+1.2
ccC 39.0+56 | 355+0.8 35+5.2 3.2+1.0
CT 43.1+59 | 36.5%0.7 6.7 £5.6 31+1.1
cu 46.1+59 | 37.2+0.6 8.8+5.8 29+1.3
DC 36.7+42 | 35.6+0.8 1.2 +3.8 3.3+1.0
DT 409+43 | 365+0.7 4.4+ 4.0 3.2+1.1
DU 44.0+43 | 37.2+0.8 6.8+4.2 29+1.3
EC 290+21 | 348+1.0 59+1.8 3.8+0.8
ET 33.2+21 | 36.1+0.7 29+1.9 3.9+0.9
EU 36.5+21 | 37.1+05 0.6+1.7 38+1.1

A = Work Clothes, B = Cotton Coveralls, C = Tyv&€k= NexGen, E = Tychem
C = Compensable, T = Transition, U = Uncompensable
*AT = Tao - Tsis + AP = Ry~ Py
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APPENDI X E: Statistical Differencesfor I nteractions

Table All. Statistically Significant Differences for Five Embles at Three Relative
Humidity Levels

A2 | A5 | A7 | B2 | B5 | B7|C2|C5|C7|D2|D5|D7|E2| E5 | E7
A2 - | - - - - - - -] -] s| -] -] s| s| s
A5 | - | - | - | - | -] -] s]| -| -] s| s| -| s| sl s
A7 | - | - | - | s| -| -] s| -] -| s| s| s s 9 s
B2 | - | - | s| -| -| -| -| -| -| s| -| -| s| s/ s
B5 | - | - | - | -| - -] s| -| -| s| s| -| s| s ¢
B7 | - | - | - | -| - -] s| -| -| s| s| -| s| s ¢
c2| - | s| s| -| s| s| -| -| s - - 4 8 s s
cs| - | - | - -1 -1 -1 -1 -1 -1 s| -] -| s| sl s
ct| - | -| - -1| - -] s| -| -| s| s| -| s s ¢
p2| s| s| s| s| s| s </ s 9 {4 $ s B s |s
p5| - | s| s| -| s| s| -| -| sl s - 4 g s s
p7| - | - | s| -| - -| - -| - s| -| -| s| s s
E2| S| s| s| s| s| s s 8 s s B s |- |s |s
E5| S| s| s| s| s/ s s 8 $ $ B s s |- |s
E7| S| s| s| s| s/l s s 8 $ & 5 5 |s |s |-

S = Statistically Significant (p < 0.05), - = Na@8stically Significant
A = Work Clothes, B = Cotton Coveralls, C = Tyv&€k= NexGen, E = Tychem
2 = 20% Relative Humidity, 5 = 50% Relative Humydit = 70% Relative Humidity
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Table A12. Statistically Significant Differences for Fivasdémbles at Three Heat Stress
Stages

AC | AT |AU | BC | BT |BU|CC|CT |CU | DC|DT |DU]|EC]|ET]|EU
AC - - S - - S - - S S - - S S S
AT - - - S - - S - - S S - S S S
AU | S - - S - - S S - S S - S S S
BC - S S - - S - - S S - - S S S
BT - - - S - - S - - S S - S S S
BU| S - - S - - S - - S S - S S S
CcC - S S - S S - - S S - S S 5 5
CT - - S - - - - - - S - - S S S
Cu| S - - S - - S - - S S - S S $
DC | S S S S S S S S S $ S S S -
DT - S S - - S - - S S - - S S S
DU - - - - - - S - - S - - S S S
EC| S S S S S S S S $ 5 S S - S S
ET S S S S S S S S S $ S S S - S
EU S S S S S S S S S $ S S S S -

S = Statistically Significant (p < 0.05), - = Na@8stically Significant
A = Work Clothes, B = Cotton Coveralls, C = Tyv&€k= NexGen, E = Tychem
C = Compensable, T = Transition, U = Uncompensable
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