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ABSTRACT 
Radon concentration inside partially closed places like dwellings, caves and 

tombs, depends on many parameters. Some parameters are known quantitatively as 
radon exhalation rate for walls, decay constant, surface to volume ratio and outdoor 
concentration while other parameters as ventilation rate is in common known 
qualitatively due to useless of traditional methods (tracer gases) in many places as 
ancient Egyptian tombs. This work introduces a derived mathematical model to 
evaluate the sensitivity of radon concentration levels inside single sided opening 
places as ancient Egyptian tombs on the ventilation rate. The obtained formula 
depends on the indoor and outdoor temperature difference and the geometrical 
dimensions of the doorway. The effects of in and out flow mixing, air viscosity, 
streamline contraction, swirling flow and turbulence, were taken into consideration 
in terms of an empirical correction factor. According UNSCEAR reports, the 
exhalation rate L)1( fC sRnRa ε−ρλ=Φ ; CRa the effective radium content, Rnλ decay 
constant, f emanation fraction, sρ soil grain density, ε  porosity and L diffusion 
length, these are approximately static parameters but the variability of ambient 
temperature introduces a source of energy of fluctuating strength to radon atoms in 
rocks which controls the flow rate and the ambient content of radon. Therefore, the 
change of outdoor and indoor temperature difference causes fluctuation of value and 
direction of volume flow rate in such places consequently causes the daily variation 
and on average the seasonal variation of radon concentration. Therefore according to 
the present model, the daily accurate expectation of radon concentrations inside 
ancient Egyptian tombs, require precise measurements of indoor and outdoor 
temperatures. 
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INTRODUCTION 
 

Uranium series is widely distributed in nature. All primary uranium ores which are in secular 
equilibrium will contain 1 part of radium for every 2.8×106

 parts of uranium (1). The long half-life of 
226Ra (1620 year) means, it is an infinite source of the next product in the uranium series 222Rn (Radon 
gas isotope). Because of, it is the heaviest member of the chemically inert gases (specific gravity ≈ 
0.7) not all the radon atoms that are produced, are able to escape from the host crystals in which they 
are formed, moreover not all of that which escapes reach to the surface of soil or rocks prior to their 
radioactive decay. 
 
     Ancient Egyptian tombs were generally cut in limestone rocks. The radioisotopes content of these 
rocks depending on the geographical region. Some measurements for radon concentration inside 
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ancient Egyptian tombs were carried out (2-3). These studies were descriptive works, where the 
measurements showed that the highest levels of radon concentrations inside the tombs and external 
surrounding environment were registered in the summer months. Moreover the highest temperature 
degrees were registered in these months also, therefore a logic correlation originate between these two 
parameters (radon concentration and ambient temperature), but on what degree the radon 
concentration levels depends on ambient temperature variations inside ancient Egyptian tombs and the 
external environment?. 

 
This work introduces a model correlating the radon concentration levels inside ancient Egyptian 

tombs and the ambient temperature variations via ventilation rate. Therefore the accuracy of the 
expected radon concentration depends mainly on the accuracy of the geometrical and physical 
parameters used as inputs to this model, especially the temperature measurements. This model can be 
applied to the dwellings as well. 

 
THEORETICAL MODEL 

 
2.1: Radon Concentration inside Tombs 

Ancient Egyptian tombs can be considered as accumulators for radon and its progeny. Therefore 
the radon concentration evolves with time as (4)  

( ) ( ) ( )( )( )[ ] ( )( )( )ivRniivRn
vRn

vo
n

k kk
i tt Ctt  

V
VCS 

ttC −λ+λ−+−λ+λ−−
λ+λ

λ+Φ
= ∑ = expexp, 11  (1) 

with Φk is the radon flux or the radon exhalation rate of the kth source (Bq m-2 s-1), Sk is the exhaling 
surface area of the kth source (m2), λRn the 222Rn decay constant (2.1×10-6 s-1), λv ventilation rate (s-1), V 
the rest volume of the tomb (m3). Ci initial concentration which at t = ti =0 equals to the outdoor 
concentration Co (Bq m-3). ( )[ ] ( )VVCS vRnvo

n
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is the saturation concentration of 

radon. 

 
To find the indoor radon concentration inside a tomb using Eq. (1), all the parameters on right 

hand side must be known. The air exchange rates were usually measured by tracer gas method, e.g. a 
TELAIRE-1050 ventilation meter uses CO2 as the tracer gas (5,6). Because of the high porosity of tomb 
walls and presence of some cracks, such method gives under estimation values, therefore the following 
derived model was introduced for determining the natural ventilation rate inside ancient Egyptian 
tombs. 
 
2.2: Natural Ventilation in Tombs  

In building their tombs and temples, ancient Egyptians put to good use their wealth of knowledge 
and creative genius; almost in the same way modern nations focus their attention on improving their 
technological and professional capabilities.  

 
The architecture differs from one tomb to another. Some are so simple (just a simple room with 

extended walls) near the ground surface, while others are many tens of meters under ground surface 
with complex internal architecture. Every tomb has only one opening to the external environment in 
common, which, represent the natural ventilation pathway i.e. they have single-sided ventilation. In 
such cases, a modified Bernoulli equation employing an empirical coefficient termed the "discharge 
coefficient" must be applied in order to describe the airflow rate (7). The temperature difference across 
the opening between an indoor and outdoor space and the wind forces are the two major parameters 
affecting airflow in single-sided room (8) .  
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In order to simplify the model for determining the incoming flow rate, it assumed that (9): 
1. Air infiltration from other leakage sites in the tomb is negligible, and there is no mechanical 

supply or exhaust ventilation. 
2. The flow is steady, and the indoor and outdoor pressures are in equilibrium along the 

interfacial stream line, 21 PP =  Fig. (1).  
3. Streamlines are straight, and parallel to the door orifice, with only hydrostatic pressure 

differences acting across them. 
 
 

 
Figure (1): Schematic representation of cross-stream interfacial mixing between counter-flowing 

streams due to the density and temperature difference around the doorway of a sealed room. 
 

At first we assume that, there is no mixing or heat transfer between the incoming flow with 
density oρ , temperature oT , and the outgoing flow with iρ  and iT . Therefore Bernoulli equation for 
an incoming streamline in the inflow of outdoor air passing though the door of area A at elevation z 
is: 

( ) ( )[ ]2ooo zUz gPzP ρ−ρ−=
2
1

1       (4) 

where o/P ρ1  is the Bernoulli constant of all inflow streamlines, g is acceleration due to gravity, the 
pressure P(z) in the incoming jet is set by the hydrostatic variation inside the tomb 

( ) z g PzP iρ−= 2  (5) 

Using the assumption of indoor–outdoor pressure equilibrium 21 PP ≈ then, from Eq. (4) and Eq. 
(5), the incoming ideal velocity profile is 

( )
o
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where ρ∆ represent the difference in densities. Integrating Eq. (6) with respect to an element of tomb 
opening area, to produce the volume inflow rate Qi as  

( ) dz W zUQ
/H

oi ∫=
2

0

 (7) 

where W is the opening width, H is the opening height. The limits of integration are limited to one-half 
of height because of bidirectional flow state.  
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From Eq. (6) into Eq. (7) and integrating 
 

o
i

gHAQ
ρ

ρ∆
=

3
1

   (8) 

A is the area of the door opening. The volume outflow rate Qo has the same form except that ρo is 
replaced by ρi. Because of the dependency of density on temperature, Qi and Qo can be related to the 
temperature difference, which is easily measured, instead of density difference. 

From the general law of gases 
T R P ρ=  (9) 

where R is the gas constant. From Eq. (9) into the definition of density difference ρ∆  
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Practically oi PP ≈ , then 

i
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Where oi TTT −=∆  

 From Eq. (8) and Eq. (11), the volume flow rate is  
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In the absence of mechanical ventilation and other openings, the constant tomb volume forces the 
volume inflow and outflow rates are equal; Qi =Qo. 
 
Discharge and Mixing Coefficients 

For considering other effects such as viscosity, streamline contraction, swirling flow and 
turbulence, an empirical constant was introduced, which is so-called discharge coefficient Cd 

(7). For a 
sharp edge orifice, Cd is about 0.60.Therefore the right hand sides of Eq. (12) are multiplied by Cd, 
with no cross-stream interfacial mixing 

 
Mixing between incoming and outcome streams is an inevitable process. It produces the gradual 

variation in the temperature through the mixing layer, Fig. (1), in addition to a reduction in the 
velocity of the incoming air by a transfer of outcome momentum to the counter-flowing incoming and 
outgoing streams. The net flow rate Qn which results in after the combined effects of re-entrainment 
and momentum transfer may be expressed in terms of an effective cross-stream mixing flow rate Qm, 
so that Qn= (Q-Qm), defining an interfacial mixing coefficient Cm = Qm/Q, the net flow rate must be (9): 

( )QCQ mn −= 1  (13) 

Therefore, the doorway orifice coefficient K is: 

( )md CCK −= 1  (14) 
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The right hand side of Eq. (12) is then multiplied by the coefficient K instead of Cd only. The 
measured valued of K decreased from 0.6 at large temperature differences, to about 0.4 at small 
temperature differences according to the following relation  

oi TT..K −×+= 004504000  (15) 

The airflow rate is obtained by multiplying Eq. (12) and Eq. (15). 

i

oi
i T

TT
gHAKQ

−
=

3
1

 ; Ti >To (16) 

 
Based on the definition of air exchange rate, the natural ventilation rate is 
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In case of  Ti < To, they replace each other in equation (17). 

 
 

RESULTS AND DISCUSSIONS 

The radon concentrations were measured inside some tombs in two main regions Luxor and 
Sakkara in winter and summer seasons. Each location contains many of Pharaonic monuments and has 
different geological construction. The measurements were carried out with active (alpha guard 
analyzer) and passive (CR 39) techniques (3). 

Track densities registered by calibrated CR-39 detectors were used for calculating radon 
concentrations (Average on long period of time ≈ 3 months) inside the tombs with the equation (10).  

t K
D

C
T

o
o =  (18) 

where Do is the filtered track density of the used detector (Tracks cm-2), t is the exposure time in days, 
CR-39 calibration factor for radon measurements, TK  is equal to 0.18 Track cm−2/Bq.m−3.d with 8.3% 
combined uncertainty. The calibration of CR-39 was carrying out in the National Institute for 
Standard, Department of Radiation Measurements Egypt. 

The average indoor radon concentrations and the experimental error (±1S.D.) as measured by CR-
39 detectors in both winter and summer seasons were represented in figures (2, 3) arranged in 
ascending order based on their values. The large difference in the measured radon concentrations 
between winter and summer seasons in Fig. (2), can be attributed to elevation of temperature and the 
change of ventilation rate. The main parameter controlling the ventilation rate is the temperature 
difference inside and outside the tombs, Eq. (17). This difference has a maximum values in winter, 
where the temperature inside the tombs is greater than the surrounding environment, the warm air 
inside the tomb is lift up carrying more radon atoms to the outside environment and the outside cold 
air of low radon concentration flows into the measuring region consequently makes a winter minima. 
On the other hand, in the summer season, the temperature of ambient air increases, the soil and rock 
surfaces accept more thermal energy; therefore more energy is available for the produced radon atoms 
in host crystals, therefore, their chance of escaping from the host crystals increases which causes more 
elevation of radon concentration levels in the surrounding environment. Moreover, the temperature 
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difference deceases, consequently, decreasing the natural ventilation rate, so the chance of indoor 
radon atoms to diffuse into external environment decreases. The final result is the elevation of indoor 
radon concentration within the tombs. 

 
The tomb of Ramses VII was located near the ground surface, therefore it has refreshed air. The 

walls were covered by glass for protecting drawings and decorations. For these reasons it shows 
minimum radon concentration and equilibrium factor. Other tombs like Thutmes III and Tausert Nekht 

have narrow entrances with extended tunnel cut in the mountain; therefore their ventilation rates are 
lower in comparison with other tombs, especially Thutmes III tomb because of its internal complex 

structure, consequently they have higher radon concentrations.  
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Figure (2): The average indoor radon concentrations and the experimental error (±1S.D.) as 

determined by CR-39 detectors inside seven tombs in the valley of kings. 
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Figure (3): The average radon concentrations inside the depicted tombs in Sakkara as 
determined by CR-39 detectors. 

 
The studied tombs in sakkara region are the south entrance of Zoser pyramid, the Serapeum, and 

the south tombs. They are under maintenance, therefore they are not allowed for visit. The 
maintenance workers stay prolonged intervals of time inside them. In order to evaluate the risks due to 
radon inhalation by these workers, CR-39 detectors (passive method) were used for measuring the 
radon concentrations inside these tombs. 

 
 The seasonal variation of average radon concentrations and the experimental error as measured 

by CR-39 detectors were represented in figure (3) arranged based on their values only. 
 
The registered readings don’t change drastically between winter and summer seasons for south 

tomb. The remarkable elevation of radon concentration inside the south tomb can be attributed to that, 
this tomb was excavated deeply in limestone rocks with a complex architecture with many sharp 
curvatures in the lower part of the entrance, moreover the only pathway to the external environment is 
through a narrow and short door, located at the base of a well about 12 m depth. All these features 
make this tomb approximately thermally isolated from the surrounding environment. This isolation 
causes bad natural ventilation, therefore radon concentration bile-up to the steady registered high level 
(3220±227 Bq/m-3).  

 
On the other hand, lower radon concentrations registered in south entrance of Zoser pyramid can 

be attributed to the fact that, this simple long entrance lie on the ground level with a relatively large 
area of the door causes good ventilation to front part, while at the end of this entrance, a very deep 
well was excavated. The measured specific activity of the stones used in building this pyramid was at 
lower level in comparison with that of south tomb and Serapeum, table (1) of Ref. (3). 

 
Although the comparable values of specific activity due to 238U as 14.95±1.75 and 17.43±2.69 

(Bq/kg) for South tomb and Thutmes III respectively, the registered radon concentration in winter 
were (3219±227, 376±9) while that in summer were (3275 ± 258, 5749 ± 199) respectively. The 
summer winter ratios were (1.017,15.290 ) respectively. This large variation can be attributed the large 
variation in the ambient temperature in the two geographical regions in addition to their topology, the 
difference between internal and external temperature degrees in these two regions. 

 
Figure (4) shows the variation of outdoor and indoor temperatures through one day (15/08/2005) 

for Merenptah tomb. The variation range of outdoor temperature is larger than that of indoor one, 
although they have similar behavior of change. The variability of ambient temperature introduces a 
source of energy of fluctuating strength to radon atoms in rocks which controls the flow rate and the 
ambient content of radon. Therefore, the change of outdoor and indoor temperature difference causes 
fluctuation of value and direction of volume flow rate in such tombs, Eq. (17), consequently causes the 
daily variation, Fig. (5), and on average the seasonal variation of radon concentration.  

 
Figure (6) shows the dependency of natural ventilation rate on the outdoor and indoor temperature 

difference (∆T). The relation is linear in the found range of ∆T through one day. The minimum 
ventilation rate was obtained at zero temperature difference which means minimum outdoor-indoor air 
exchange and the radon concentration difference between outdoor and indoor maximizes because 
tombs then are thermally isolated. 
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Figure (4): Outdoor and indoor temperature variation through one day, for Merenptah tomb in 

Luxor (15/08/2005). 
 
 
 

 
 
Figure (5): shows the sensitivity of radon concentration to the temperature difference. The data 

for one day (Merenptah tomb). 
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Figure (6): The variation of natural ventilation rate with the outdoor-indoor 

temperature difference. 
 
 

 
 

Figure (7): The effect of natural ventilation rate on the radon concentration. 
  
 
Figure (7) shows the dependency of radon concentration on the natural ventilation rate. The 

relation appears to be exponential not linear, therefore the radon concentration becomes more sensitive 
to the variation of ventilation rate when it is small. Additional ventilation rate can be introduced  by 
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electromechanical equipments. Increasing the ventilation rate reduced the radon concentration to 
minimum values. The lower limit of these values is the outdoor concentration, Eq. (1). Therefore, the 
outdoor radon concentration becomes a controller parameter to the indoor concentration especially for 
good ventilation of tombs.  

CONCLUSION 
 

Based on the present mathematical model, the derived formulae prove that, the radon 
concentration levels inside single sided opening places as ancient Egyptian tombs are more sensitive to 
the ventilation rate. The obtained formula for evaluating the ventilation rate depends on the indoor and 
outdoor temperature difference and the geometrical dimensions of the doorway. The effects of in and 
out flow mixing, air viscosity, streamline contraction, swirling flow and turbulence, were taken into 
consideration in terms of an empirical correction factor. The steep elevation of radon concentration 
ratio between summer-to-winter values in some tombs is due to the elevation of the ambient 
temperature and the badness of the natural ventilation due to their internal architecture. Therefore, 
such tombs require setting of good ventilation systems to be safe with respect to health impacts on 
human. 
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